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Introduction 

Benign  neurofibromas  and  malignant  peripheral  nerve  sheath  tumors  (MPNSTs)  contribute  to  the 
majority  of  morbidity  and  mortality  associated  with  NF1.  The  proposed  studies  attempt  to 
provide  insights  into  one  of  the  fundamental  questions  in  neurofibroma  biology:  whether  bi- 
allelic  NF1  inactivation  is  necessary  for  neurofibroma  formation.  The  objectives  of  this  proposal 
are  to  use  a  newly  established  mouse  model  to  (1)  identify  and  characterize  neurofibromas  that 
are  exclusively  or  predominantly  comprised  of  Nfl+I~  cells  (designated  Nfl+I'  neurofibromas 
hereafter)  in  the  skin  and  spinal  roots;  and  (2)  determine  whether  in  this  model,  neurofibromas  in 
the  skin  are  similar  to  human  dermal  neurofibromas  and  thus  are  fundamentally  different  from 
the  plexiform  neurofibromas  found  in  spinal  roots.  Previous  studies  of  human  tumors  suggest 
that  dermal  and  plexiform  neurofibromas  have  fundamental  differences  in  their  dependence  on 
the  Nfl  hetereozygous  environment  and  have  different  malignant  transformation  potentials. 
Thus,  we  will  test  three  hypotheses:  (1)  bi-allelic  Nfl  inactivation  is  not  necessary  for 
neurofibroma  formation;  (2)  An  Nfl  heterozygous  environment  is  not  essential  for 
neurofibroma  formation  in  the  skin;  (3)  neurofibromas  in  the  skin  and  spinal  roots  have 
distinct  tumorigenic  potential  in  response  to  subsequent  p53-mediated  malignant 
transformation.  To  test  these  hypotheses,  we  propose  the  following  specific  aims. 
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Body 

We  have  completed  the  proposed  study  for  the  first  three  years  and  are  heading  to  the  final  year  of 
the  funding  period.  In  this  report,  I  will  summarize  what  we  have  accomplished  during  the  first  three 
years  of  funding. 

Task  1.  To  determine  whether  Nfl  heterozygous  cells  exclusively  can  give  rise  to 
neurofibromas  in  the  skin  and  spinal  roots. 

The  hypothesis  for  this  task  is  that  bi-allelic  Nfl  inactivation  is  not  absolutely  necessary  for 
neurofiborma  formation.  The  hypothesis  predicts  that  at  least  some  neurofibromas,  particularly 
those  formed  in  the  skin,  can  be  formed  exclusively  by  Nfl  heterozygous  cells.  To  test  this 
hypothesis,  we  employed  two  Cre  transgenic  strains,  POA-cre  and  Krox20-cre,  which 
respectively  target  an  Nfl  mutation  into  neural  crest  stem  cells  (NCSCs)  and  more  differentiated 
Schwann  cells  in  mouse  sciatic  nerves.  As  shown  in  Figure  1,  POA-cre  is  expressed  in  NCSCs 
during  embryonic  nerve  development  (Figure  1).  By  analyzing  these  two  Nfl  mouse  models  that 
are  hereafter  referred  to  as  NflmAKO  and  A/7Kiox20KO,  respectively,  we  demonstrated  that,  to 
efficiently  induce  neurofibroma  formation,  Nfl  must  be  deleted  in  NCSCs  (Figure  2A-H),  but 
not  in  more  differentiated  Schwann  cells  (Figure  2I-2P).  However,  surprisingly,  Nfl -nu\\  NCSCs 
appear  to  differentiate  according  to  a  normal  developmental  schedule.  No  abnormalities  in  cell 
density  and  the  number  of  myelinating  and  non- myelinating  Schwann  cells  were  observed  in 
Nji l>0  \ K()  mutant  sciatic  nerves  (Figure  3B,  3D,  3E,  3F)  as  compared  to  controls  (Figure  3A, 
3C).  Through  careful  detailed  analyses  of  peripheral  nerves  in  these  NflmAKO  mutant  mice,  we 
found  that  loss  of  Nfl  disrupted  the  ordered  association  of  non-myelinating  Schwann  cells  with 
axons  in  an  axon/Schwann  cell  structure  known  as  Remark  bundle  (Figure  3G-3L).  Over  time 
these  abnormally  differentiated  Remak  bundles  dissociated  from  their  axons  and  the  number  of 
non-myelinating  Schwann  cells  increased  (Figure  4A-4F).  We  further  demonstrated  that  the 
expanded  cell  populations  in  NflPi) AKO  mutant  nerves  exhibited  morphological  features  of  non¬ 
myelinating  Schwann  cells  including  the  presence  of  continuous  basal  lamina  and  ensheathed 
various  numbers  of  unmyelinated  axons  (Figure  4G-40),  and  had  the  gene  expression  pattern 
similar  to  non-myelinating  Schwann  cells  (Soxl07GFAP+/p75+)  (Figure  5A-5J).  These  expanded 
non-myelinating  Schwann  cells  also  displayed  several  fundamental  features  of  neurofibroma 
cells:  hyperproliferation  and  clustering  (Figure  5K-5Q).  More  importantly,  these  early-stage 
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neurofibroma  cells  were  invariably  Nfl  deficient  (Figure  6).  In  summary,  we  demonstrate  that 
bi-allelic  inactivation  of  Nfl  is  absolutely  required  for  neurofibroma  formation. 
Furthermore,  to  efficiently  induce  plexiform  neurofibroma  formation,  inactivation  of  both 
alleles  of  Nfl  must  occur  in  the  early  stages  of  Schwann  cell  development  (e.g.  neural  crest 
stem  cells).  Furthermore,  these  results  suggest  that  non-myelinating  Schwann  cells  are  a  cell-of- 
origin  for  neurofibroma,  and  that  the  Nfl  deficient  cells,  but  not  Nfl  heterozygous  cells,  initiate 
neurofibroma  formation. 

Task  2.  To  examine  whether  an  Nfl  heterozygous  environment  is  essential  for  neurofibroma 
formation  in  the  skin  and  spinal  roots. 

While  Task  1  aims  to  understand  the  role  of  the  Nfl  homozygous  cells  in  neurofibroma 
development,  Task  2  is  investigating  the  contribution  of  the  Nfl  heterozygous  cells  to  neurofibroma 
formation.  The  hypothesis  for  this  Task  is  whether  an  Nfl  heterozygous  environment  is  required  for 
neurofibroma  formation  in  the  peripheral  nerves,  but  not  in  the  skin.  This  hypothesis  predicts  that  the 
requirement  of  the  Nfl  heterozygous  environment  for  neurofibroma  formation  is  distinct,  which 
depends  on  the  sites  of  neurofibromas.  Specifically,  we  hypothesize  that  plexiform  neurofibromas 
arising  from  the  peripheral  nerves  require  the  contribution  of  the  Nfl  heterozygous  environment 
whereas  the  neurofibromas  in  the  skin  can  form  in  the  wild-type  environment.  The  “hidden” 
hypothesis  for  this  Task  is  that,  in  the  /V/7P0AKO  model,  the  neurofibromas  arising  from  the 
peripheral  nerves  resemble  human  plexiform  neurofibromas  that  are  almost  exclusively  identified  in 
NF1  patients,  whereas  the  neurofibromas  in  the  skin  are  similar  to  discrete  cuteneous/subcutaneous 
neurofibromas  that  can  be  found  in  the  both  NF1  patients  and  general  populations. 

To  examine  the  contribution  of  the  Nfl  heterozygous  environment  to  neurofibroma  development,  we 
have  constructed  two  Nfl  mutant  strains  (Figure  7).  The  first  strain  is  hereafter  referred  to  as 
conditional  knockout  1  ( NflPQACKO\  or  Nfl'1  /HETlnv)  mice  with  the  genotype  of  POA- 
cre+;A//7KO/llox,  which  harbor  Nfl  homozygous  cells  in  the  neural  crest/Schwann  cell  lineage  in  an 
Nfl  heterozygous  environment.  The  second  strain  genotypes  of  P0A-cre+;/V/Ynox/n°x  harbor  Nfl 
homozygous  cells  in  the  neural  crest/Schwann  cell  lineage,  but  in  a  wild-type  environment  (referred 
to  as  NflmA CK02  or  Nfl'1 7WTEnv). 
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Despite  that  A/7poaCKO  1  and  A/7poaCK02  mice  were  morphologically  indistinguishable,  we  found 
that  there  was  significant  difference  in  tumor  penetrance  throughout  the  peripheral  nervous  system 
(PNS)  between  two  age-matched  mutant  strains.  Specifically,  in  sciatic  nerves,  approximately  65% 
of  A//7P0aCKO  1  mice  developed  full-blown  neurofibromas  whereas  none  of  the  A/7poaCK02  mice 
exhibited  evidence  of  neurofibroma  formation  (Figure  8 A,  8F).  Similar  results  were  also  obtained  in 
the  trigeminal  nerves  (Figure  8B,  8F).  The  most  severe  lesions  observed  in  the  sciatic  nerves  and 
trigeminal  nerves  of  A/7poaCK02  mice  were  hyperplastic  lesions  with  focal  areas  exhibiting 
characteristics  of  neurofibromas  (Figure  8E,  8G).  These  results  indicate  that  the  Nfl  heterozygous 
environment  is  absolutely  required  for  neurofibroma  formation  in  at  least  some  peripheral  nerves. 
However,  NflmACK02  mice  developed  neurofibromas  in  cutaneous/subcutaneous  nerves,  dorsal 
root  ganglia  and  spinal  roots,  and  brachial  plexus  (Figure  8C  to  8F).  Of  note,  although 
neurofibromas  were  identified  in  the  the  A/7P0aCKO2  mice,  the  size  of  these  tumors  was 
significantly  smaller  those  observed  in  age-matched  NflP0ACKO  1  nerves  (Figure  8A-8F). 
Furthermore,  the  neurofibroma  penetrance  in  nerves  of  NflP0ACKO2  mice  was  always  lower  than 
that  in  age-matched  NflmACKOl  mice.  Together,  these  results  indicate  that  the  Nfl  heterozygous 
environment  is  critical  for  neurofibroma  development,  albeit  not  absolutely  required  in  some  of 
peripheral  nerves.  Given  high  neurofibroma  penetrance  observed  in  some  internal  peripheral  nerves 
of  A/7poaCK02  mice  (e.g.  brachial  plexus  or  DGR/spinal  roots),  we  do  not  believe  that 
neurofibromas  observed  in  the  cutaneous/subcutaneous  nerves  of  the  skin  are  significantly  different 
from  those  arising  from  internal  peripheral  nerves  in  the  yy/7P0AKO  mouse  models.  These  results 
suggest  that  we  need  to  employ  a  different  targeting  strategy  to  develop  a  mouse  model  for  discrete 
cutaneous/subcutaneous  neurofibromas . 

We  are  currently  investigating  the  molecular  and  cellular  mechanisms  underlying  the  contribution  of 
the  Nfl  heterozygous  environment  to  neurofibroma  development.  We  are  preparing  a  manuscript  on 
these  results  and  expect  to  submit  it  in  the  next  a  few  months. 

Task  3.  To  determine  the  malignant  transformation  potential  of  neurofibromas  in  the  skin 
and  spinal  roots. 

The  “hidden”  hypothesis  for  Task  3  is  the  same  as  that  for  Task  2:  neurofibromas  in  the  skin  and 
peripheral  nerves  of  NflPiiA KO  mouse  models  are  distinct  and  hence  should  exhibit  different 
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potentials  for  p53-mediated  malignant  transformation.  As  observed  in  Task  2,  we  did  not 

observe  the  difference  in  malignant  transformation  potential  between  neurofibromas  in  the  different 
sites  of  peripheral  nerves  and  skin.  Thus,  we  disprove  the  “hidden”  hypothesis  of  this  proposal  and 
we  are  focusing  on  the  role  of  Nf  1  heterozygous  environment  in  malignant  transformation  of 
neurofibroma  in  this  Task.  From  the  experiments  proposed  for  this  Task,  we  have  established  the 
first  mouse  model  for  malignant  peripheral  nerve  sheath  tumor  (MPNST),  which  harbors  both 
benign  plexiform  neurofibromas  and  malignant  tumors  -  a  cardinal  feature  of  human  MPNST. 

We  have  established  the  genetic  cross  between  P0A-cre+;cisp53+/  ;A/7+/flox  and  iV/7llox/‘;R26R- 
LacZ/R26R-LacZ  mice  to  generate  PO A-crc+ ;p5 3+l  :N[I  llox ; R26 R- LacZ/  +  (Nfl  mutants  with  the  Nfl 
and  p53  heterozygous  background)  and  P0A-cre+;p53+/";A/7flox/flox;R26R-LacZ/+  (Nfl  mutants  with 
the  Nfl  wild  type  background  and  p53  heterozygous  background)  along  with  control  mice.  We 
hereafter  referred  P0A-crc+;p53+/W/V/flox;R26R-LacZ/+  and  P0A-crc+;p53+/W/7llox/l1ox;R26R- 
LacZ/+  mice  to  as  p53/A/7POACK01  and  p53/A/7P0ACKO2,  respectively.  Thus  far,  we  have 
generated  14  p53/iV/7P0ACKO  1  and  18  p53AV/7 P0ACKO2  mice.  These  preliminary  observations 
suggest  that  the  Nfl  heterozygous  environment  is  not  required  for  malignant  transformation.  More 
importantly,  the  MPNSTs  observed  in  both  p53/A/7POACK01  and  p53AV/7 P0ACKO2  mutant  mice 
recapitulate  all  morphological  and  immunohistchemical  characteristics  of  those  observed  in  human 
NF1  patients  (Figure  9A,  9B).  Importantly,  most  of  these  MPNSTs  were  observed  in  the  areas 
adjacent  to  plexiform  neurofibromas  (Figure  7C).  Similar  to  human  NF1  -associated  tumors, 
plexiform  neurofibromas  underwent  Nfl  inactivation  whereas  loss  of  p53  exclusively  occurred  in 
malignant  tumors  (Figure  10).  Further  analysis  of  these  tumor-laden  mice  are  under  way. 
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Key  research  accomplishments 

1.  We  demonstrate  that  bi-allelic  inactivation  of  Nfl  is  required  for  neurofibroma  formation  in  mice. 
Neural  crest  stem  cells  are  susceptible  for  Nfl -mediated  transformation. 

2.  We  provide  evidence  that  Remak  bundles  with  “pocket  defects”  are  the  cell-of-origin  for 
plexiform  neurofibroma. 

3.  We  have  generated  a  robust  mouse  model  for  neurofibroma,  which  develop  plexiform 
neurofibromas  throughout  the  peripheral  nervous  system  as  well  as  discrete  cutaneous 
neurofibromas  in  the  skin. 

4.  We  demonstrated  that  the  Nfl  heterozygous  environment  is  critical,  albeit  not  essential  for, 
neurofibroma  development  throughout  the  peripheral  nervous  system. 

5.  Our  preliminary  data  suggest  that  the  Nfl  heterozygous  environment  is  not  required  for 
malignant  formation  of  plexiform  neurofibroma. 
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Reportable  outcomes 

1.  Manuscripts  (see  appendix): 

1.  Zheng,  H.,  Chang,  L.,  Patel,  N.,  Yang,  J.,  Lowe,  L.,  Burns,  D.K.  and  Zhu,  Y.  (2008).  Induction 
of  abnormal  proliferation  by  non-myelinating  Schwann  cells  triggers  neurofibroma  formation. 
Cancer  Cell,  13:117-128. 

2.  Joseph,  N.M.,  Mosher,  J.T.,  Buchstaller,  J.,  Snider,  P.,  McKeever,  P.E.,  Lim,  M.,  Conway,  S.J., 
Parada,  L.F.,  Zhu,  Y  and  Morrison,  S.J.  (2008).  The  loss  of  Nfl  transiently  promotes  self¬ 
renewal  but  not  tumorigenesis  by  neural  crest  stem  cells.  Cancer  Cell,  13:129-140. 

Notes:  Both  papers  were  highlighted  in  Nature  Reviews  Cancer  and  Nature  Medicine.  In 

addition,  these  two  papers  were  also  appeared  in  several  public  media  including  the 
home  page  of  USAMRMC  Neurofibromatosis  Research  Program,  Children’s  Tumor 
Foundation,  and  the  University  of  Michigan. 

3.  Roth,  T.M.,  Ramamurthy,  P.,  Muir,  D.,  Wallace,  M.R.,  Zhu,  Y.,  Chang,  L.  and  Barald,  K.F. 
(2008).  Influence  of  hormones  and  hormone  metabolites  on  the  growth  of  Schwann  Cells 
derived  from  embryonic  stem  cells  and  tumor  cell  lines  expressing  variable  levels  of 
neurofibromin.  Development  Dynamics,  237:513-524. 

4.  Several  manuscripts  are  in  preparation  for  submission. 

2.  Platform  presentations  and  abstracts: 

1.  “A  cell-of-origin  for  plexiform  neurofibroma  in  mice”,  2008  Children’s  Tumor  Foundation 
International  Neurofibromatosis  Consortium,  Bonita  Springs,  Florida,  June  6  -  10,  2008. 
Presenter:  Yuan  Zhu  (PI). 

2.  “Cell  migration  in  Development  and  Disease  I”,  Session  Chair,  Annual  Meeting,  Society  for 
Neuroscience,  Washington  D.C.,  November  15-19,  2008.  Presenter:  Yuan  Zhu  (PI). 
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3.  "Induction  of  abnormal  proliferation  by  non-myelinating  Schwann  cells  triggers  neurofibroma 
formation",  American  Association  for  Cancer  Research  Annual  Meeting  2008,  San  Diego, 
California,  April  12th- 16th,  2008.  Presenter:  Huarui  Zheng  (Post-doctoral  fellow). 

4.  “Cancer  stem  cells  and  the  tumor  environment  in  Neurofibromatosis 

Type  I",  Neuroscience  2008,  the  38th  annual  meeting  of  the  Society  for  Neuroscience, 
Washington,  D.C.,  November  15th  -  19th,  2008.  Presenter:  Lou  Chang  (Graduate  student). 

3.  Mouse  Model 

We  have  developed  a  robust  neurofibroma  model,  which  should  serve  as  a  valuable  tool  for  studying 
the  pathogenesis  of  the  NF1  disease  and  for  testing  novel  therapies.  These  results  were  published  in 
the  February  issue  of  Cancer  Cell  (See  appendix). 

4.  Funding 

We  are  preparing  to  submit  two  grants  to  the  DOD  this  year.  The  preliminary  data  for  these  two 
grants  were  completely  based  upon  the  results  developed  from  this  proposal. 


11 


Conclusion 

We  have  made  substantial  progress  in  the  first  three  years  of  the  award.  For  Task  1,  we 
demonstrated  that  bi-allelic  inactivation  of  Nfl  in  neural  crest  stem  cells  is  required  for 
neurofibroma  formation.  These  studies  resulted  in  publication  of  3  manuscripts  (see  appendices). 
For  Task  2,  we  have  determined  that  the  Nfl  heterozygous  environment  is  critical,  albeit  not 
essential  for,  neurofibroma  development  throughout  the  peripheral  nervous  system.  We  are 
currently  preparing  a  manuscript  for  publishing  these  results.  For  Task  3,  the  preliminary  data 
suggest  that  the  Nfl  heterozygous  environment  is  not  required  for  malignant  transformation.  This 
year,  we  will  finish  characterizing  tumor  phenotypes  of  these  mutant  mice. 

Notes 

Detailed  methodologies  for  the  experiments  can  be  found  in  the  “Supplemental  Materials”  of 
Zheng  et  al.  Cancer  Cell  paper  attached  in  the  Appendix. 
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Appendices  and  supporting  data 

Manuscripts: 

1.  Zheng,  H.,  Chang,  L.,  Patel,  N.,  Yang,  J.,  Lowe,  L.,  Burns,  D.K.  and  Zhu,  Y.  (2008).  Induction 
of  abnormal  proliferation  by  non-myelinating  Schwann  cells  triggers  neurofibroma  formation. 
Cancer  Cell,  13:117-128  (including  supplemental  materials). 

2.  Joseph,  N.M.,  Mosher,  J.T.,  Buchstaller,  J.,  Snider,  P.,  McKeever,  P.E.,  Lim,  M.,  Conway,  S.J., 
Parada,  L.F.,  Zhu,  Y  and  Morrison,  S.J.  (2008).  The  loss  of  Nfl  transiently  promotes  self¬ 
renewal  but  not  tumorigenesis  by  neural  crest  stem  cells.  Cancer  Cell,  13:129-140. 

3.  Roth,  T.M.,  Ramamurthy,  P.,  Muir,  D.,  Wallace,  M.R.,  Zhu,  Y.,  Chang,  L.  and  Barald,  K.F. 
(2008).  Influence  of  hormones  and  hormone  metabolites  on  the  growth  of  Schwann  Cells 
derived  from  embryonic  stem  cells  and  tumor  cell  lines  expressing  variable  levels  of 
neurofibromin.  Development  Dynamics,  237:513-524. 
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Figure  1 


Figure  1.  POA-cre  mediated  recombination  in  NCSCs. 

Transverse  sections  from  the  lumbar  region  of  X-gal  stained  E12.5  P0A-cre/R26R-LacZ  double 
transgenic  embryos  were  stained  with  anti-p75NGFR  (A-C),  GAP43  (D-F),  BLBP  (G-I),  and  S100  (J- 
L)  antibodies.  The  dashed  lines  (B,  C)  mark  the  p75NGFR  and  (3-gal  double  positive  developing 
peripheral  nerves.  The  expression  of  the  neural  crest/Schwann  cell  lineage  markers  p75NGFR  (M-O), 
GAP43  (P-R),  BLBP  (S-U),  or  SoxlO  (V-X)  in  (3-gal  positive  cells  was  further  confirmed  by  double 
immuofluorescence.  Nearly  all  the  |3-gal  positive  cells  express  these  lineage  markers  whereas  only  a 
subset  of  the  NCSCs  are  positive  for  |3-gal.  For  example,  arrowheads  and  arrows  in  X  point  to 
Soxl0/(3-gal  double  positive  cells  and  Soxl0-positive/(3-gal-negative  cells,  respectively.  Scale  bar: 
(A-L),  50  pm  ;  (M-X),  25  pm. 
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Figure  2 


Figure  2.  Histological  analysis  of  control  and  mutant  sciatic  nerves. 

Sciatic  nerves  from  control  (A,  E)  and  three  NflP0AKO  mutant  mice  (B  and  F,  C  and  G,  D  and 
H)  were  sectioned  and  stained  with  hematoxylin  and  eosin  (H&E).  The  dashed  lines  (B,  C)  mark 
the  border  of  neurofibromas  (arrows,  C)  and  hyperplasia  in  mutant  nerves.  Arrows  in  B,  D  point 
to  infiltrating  mast  cells  and  arrowheads  (D)  point  to  blood  vessels.  Sections  from  sciatic  nerves 
of  control  (I,  M)  and  three  Nflklox20KO  mutant  (J  and  N,  K  and  O,  L  and  P)  mice  were  stained 
with  H&E.  These  mutant  mice  only  developed  varying  degrees  of  hyperplasia  in  sciatic  nerves. 
The  histopathological  distinctions  between  hyperplasia  and  neurofibroma  used  in  this  study  was 
based  upon  the  degree  of  derangement  of  the  nerve  architecture,  namely  the  presence  or  absence 
of  well-organized  myelinated  fibers  within  the  proliferation  in  hyperplasia  and  neurofibroma. 
Scale  bar:  100  |im. 


15 


Figure  3 
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Figure  3.  Abnormal  Remak  bundles  in  NF1  mutant  sciatic  nerves. 

Sections  of  sciatic  nerves  from  P22  control  and  NF1poaKO  mutant  mice  were  stained  with  Fl&E  (A,  B)  and 
anti-p75NGFR  antibody  (C,  D).  (E)  Quantification  of  the  number  of  cells  per  surface  area  (mm2)  in  P22  and  P90 
control  and  mutant  sciatic  nerves.  For  P22  analysis,  8  control  and  3  mutant  mice  were  used;  and  for  P90 
analysis,  3  control  and  7  mutant  mice  were  used.  Cell  density  for  the  P22  and  P90  is  plotted  as  mean  +  SEM. 
(F)  The  numbers  of  Remak  bundles  per  surface  area  (1,000  pm2)  in  control  and  mutant  P22  sciatic  nerves  were 
categorized  into  five  groups  based  upon  the  number  of  axons  that  they  ensheathed.  N  values  represent  Remak 
bundles  quantified  for  each  genotype.  Sciatic  nerves  from  2  control  and  4  mutant  P22  mice  were  used  for  this 
analysis.  No  significant  difference  was  found  between  control  and  mutant  distributions.  Transmission  electron 
microscopy  (TEM)  analysis  of  Remak  bundles  in  sciatic  nerves  of  P22  control  (G,  J)  and  mutant  (H,  I,  K)  mice 
show  abnormal  axonal  segregation  in  the  mutant  mice.  Arrowheads  in  G  indicate  Schwann  cell  cytoplasm 
between  different  axons,  which  isolates  each  individual  axon  into  a  dedicated  Schwann  cell  pocket  in  the 
Remak  bundle.  Mutant  Remak  bundles  contain  unsegregated  axons,  which  remain  directly  apposed  to  each 
other  (arrowheads,  H,  I,  K).  (J,  K)  The  number  of  myelinated  Schwann  cells  ensheathing  multiple  axons 
(arrows)  is  significantly  increased  in  mutants  compared  to  controls  (P  =  0.0036).  (L)  The  percentage 
distribution  of  axons  per  Schwann  cell  pocket  in  control  and  mutant  nerves.  N  values  indicate  the  number  of 
Schwann  cell  pockets  counted  for  each  genotype.  The  majority  of  axons  in  control  nerves  were  segregated  into 
individual  pockets,  while  the  number  of  axons  properly  segregated  was  dramatically  reduced  in  mutant  nerves 
(Chi-squared  goodness-of-fit  test,  P  <  0.0001).  “A”,  myelinated  axons;  “a”,  unmyelinated  axons;  and  “a*”, 
dilated  axons.  Scale  bar;  (A-D),  100  pm;  (G-K),  1  pm. 
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Figure  4 
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Figure  4.  Degeneration  of  NF1  mutant  Remak  bundles  at  P90. 

Electron  micrographs  show  cross  sections  of  P90  control  (A,  D)  and  mutant  (B,  E,  F)  sciatic  nerves.  (C)  The 
number  of  myelinating  (mSC)  and  non-myelinating  (nmSC)  Schwann  cells  in  P90  control  and  mutant  sciatic 
nerves  was  presented  by  the  cell  number  per  surface  area  (mean  +  SEM).  The  identity  of  mSCs  and  nmSCs 
was  determined  by  its  distinct  morphology  on  EM  images.  No  difference  was  observed  in  the  mSC  lineage 
whereas  a  significant  increase  was  identified  in  the  nmSC  lineage  in  P90  mutant  nerves,  “a”  stands  for 
abnormal  nmSCs,  “d”  stands  for  dissociating  SCs,  and  “nm”  stands  for  normal  nmSCs.  Arrows  in  D  point  to  a 
typical  Remak  bundle  in  control  nerves  containing  multiple  unmyelinated  axons  (a).  E  and  F  show  two 
examples  of  abnormally  differentiated  Remak  bundles  with  “broken  pockets”  that  have  dissociating  axons. 
Arrows  in  E  and  F  point  to  unsegregated  axons  (*)  dissociating  from  each  other.  G  and  H  show  two 
representative  anmSCs  containing  “naked”  axons  and  myelin-like  fragments,  possibly  representing 
membranous  remnants  of  degenerating  cells  (arrows).  M,  normal  myelin.  I  and  J  show  the  morphological 
similarity  between  a  pair  of  anmSC  and  dSC.  Arrows  in  I  point  to  “naked”  axons  in  an  anmSC,  whose 
degeneration  likely  generates  free  Schwann  cell  processes  seen  in  a  dSC  (arrowheads,  J).  (K,  L)  Two  examples 
of  dSCs  with  free  Schwann  cell  processes  (arrowheads,  K)  and  degenerating  unmyelinated  axons  (arrows).  (M, 
N)  Two  examples  of  unassociated  Schwann  cells  (uSCs)  with  continuous  basal  lamina  and  no  axon  contact. 
Arrowheads  in  M  point  to  collagen  fibers  ensheathed  by  uSCs,  which  were  also  shown  in  Insets  (M)  with 
higher  magnification.  Arrows  in  the  Insets  of  M  and  N  (top)  point  to  continuous  basal  lamina  in  uSCs  as 
compared  to  a  fibroblast  process  (arrows,  bottom  Inset  in  N).  (O)  The  numbers  of  Remak  bundles  per  surface 
area  (1,000  pm2)  in  control  and  mutant  sciatic  nerves  were  categorized  into  five  groups  based  upon  the  number 
of  axons  that  they  ensheathed.  Top  panel:  abnormal  non-myelinating  Schwann  cells  (anmSCs);  Middle  panel: 
dissociating  Schwann  cells  (dSCs);  Bottom  panel:  normal  non-myelinating  Schwann  cells  (nmSCs).  *  and  *** 
denote  P  <  0.05  and  P  <  0.001,  respectively.  Specific  loss  of  the  normal  Remak  bundles  ensheathing  >10  axons 
was  found  in  mutant  nerves.  Scale  bar:  1  pm. 
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Figure  5 
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Figure  5.  The  expanded  cellular  populations  in  P90  mutant  nerves  express  lineage  markers  similar  to  those  by  non¬ 
myelinating  Schwann  cells. 

Sections  from  sciatic  nerves  of  P90  control  and  mutant  mice  were  stained  with  H&E  (A,  B),  SoxlO/DAPI  (DAPI 
stains  for  cell  nuclei)  (C,  D),  GFAP/DAPI  (E,  F),  and  Tujl/p75/DAPI  (G,  FI).  Arrows  and  arrowheads  in  C  and  D 
point  to  SoxlO-negative  and  SoxlO-positive  cells,  respectively.  The  number  of  GFAP -positive  and  p75NGFR-positive 
cells  was  conspicuously  increased  in  mutant  nerves  (arrows,  F,  H)  compared  to  controls  (arrows,  E,  G).  Arrowheads  in 
F  and  FI  point  to  a  cluster  of  GFAP-positive  and  p75NGFR-positive  nuclei  in  mutant  nerves,  which  were  never  seen  in 
controls.  Although  some  axons  express  p75NGFR,  on  5  p  paraffin  sections,  most  of  p75NGFR  expression  was  found  in 
non-myelinating  Schwann  cells,  as  it  has  almost  no  overlapping  expression  with  an  axonal  marker,  Tujl  (G,  H  and 
Suppl.  Fig.  12).  Representative  flow-cytometry  plots  demonstrate  approximately  a  2.5  fold  increase  in  frequency  of 
p75NGFR-positive  cells  in  mutant  nerves  (21.75%,  J)  compared  to  that  in  control  (6.27%,  I),  and  a  1.3  fold  increase  in 
frequency  of  BrdU-positive  cells  in  mutant  (0.476%,  J)  nerves  compared  to  controls  (0.209%,  I)  nerves.  Data  in  K 
represent  mean  +  SEM  from  two  independent  experiments  using  age-matched  control  (n  =  2)  and  mutant  (n  =  4)  mice. 
*  P  <  0.05,  **P  <  0.01.  Statistical  significance  is  indicated  by  *  or  **.  Sections  from  sciatic  nerves  of  BrdU-treated 
control  (L)  and  mutant  (M)  mice  were  stained  with  anti-BrdU.  The  number  of  BrdU-positive  cells  is  significantly  more 
in  mutant  nerves  (arrows,  M)  than  that  in  controls  (arrow,  L).  The  inset  in  L  shows  a  p75NGFR/BrdU  double  positive 
cell  in  a  control  nerve.  (N,  O  and  P,  Q)  Two  representative  mutant  nerves  showing  a  cluster  of  p75NGFR/BrdU  double 
positive  cells  (arrows).  Scale  bar:  50  pm. 
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Figure  6 


Figure  6.  The  expanded  NF1  deficient  cells  in  P90  mutant  nerves  express  p75NGFR  and  GFAP. 

The  R26R-LacZ  allele  was  introduced  to  the  control  and  NF1poaKO  mutant  mice.  Sciatic  nerves  from  P90  mice 
were  sectioned  and  stained  with  X-gal  (A,  B)  and  X-gal/anti-p75NGFR  antibody  (C,  D).  Sections  from  mutant  nerves 
were  triple-labeled  by  anti-p75NGFR(E,  I),  anti-(3-gal  (F,  J)  and  DAPI  (H,  L).  Overlay  images  are  shown  in  G  and  K. 
Arrows  and  an  arrowhead  in  the  panels  I  to  L  point  to  p75NGFR/(3-gal  double  positive  cells  and  a  p75NGFR-/|3-gal+ 
single  positive  cell,  respectively.  Sections  from  mutant  nerves  were  triple-labeled  by  anti-GFAP  (M),  anti-(3-gal  (N) 
and  DAPI  (P).  Overlay  images  are  shown  in  panel  O.  Arrows  in  panels  M  to  P  point  to  GFAP/|3-gal  double 
positive  cells  and  arrowheads  in  the  same  panels  show  a  small  number  of  (3-gal  positive  cells  that  do  not  express 
GFAP.  Scale  bar:  50  ftm. 
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Figure  7 
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Figure  7.  Experimental  Strategy. 

Two  mouse  models  were  generated  in  order  to  compare  the  effect  of  an  Nfl  heterozygous  environment  in 
neurofibroma  formation.  Nfl  P0ACKO  I  mice,  also  designated  A/jf/'/7HETEnv,  have  the  genotype  of  POA- 
Cre+;lV/7flox/ko.  The  A/jf7P0ACKOl  mice  undergo  POA-cre-mediated  recombination,  leading  to  Nfl  inactivation  in  the 
Schwann  cell-lineage  and  Nfl  heterozygous  cells  in  the  environment.  A/7poaCK02  mice,  also  designated  Nfl'1' 
AVTEnv,  have  the  genotype  of  P0A-Cre+;A/7flox/fiox,  which  undergo  POA-cre-mediated  Nfl  deficiency  in  the 
Schwann  cell-lineage  in  the  wild-type  environment.  These  two  mouse  models  directly  allow  the  comparison  of  the 
role  of  the  Nfl  heterozygosity  in  neurofibroma  formation. 
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Figure  8 
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Figure  8.  Nfl  heterozygosity  in  the  environment  promotes  neurofibroma  development.  Representative  whole-mount 
comparison  of  sciatic  nerves  (A),  trigeminal  nerves  (B),  cutaneous/subcutaneous  nerves  (C),  and  brachial  plexus  (D) 
from  control,  7V/7"/7WTEnv  and  7V/7"'7HETEnv  mice  demonstrate  that  the  enlarged  nerve  size  of  mutant  mice  is  sensitive 
to  genotype  of  environmental  cells.  Despite  both  enlarged  compared  to  controls,  7V/7"/7HETEnv  nerves  are  markedly 
larger  in  size  than  those  from  age-matched  7V/7'/7WTEnv  mice.  The  largest  7V/7'/7HETEnv  trigeminal  nerve  (B,  right 
panel)  is  also  presented  to  demonstrate  the  range  of  trigeminal  nerve  sizes,  while  Nfl A7WTPnv  trigeminal  nerves  have 
lower  variation.  (E)  Based  upon  previously  established  histological  grading  criteria,  each  nerve  was  diagnosed  into  one 
of  four  categories  based  primarily  on  H&E  staining.  Normal  nerves  (a,  e)  have  low  cellularity.  Hyperplastic  nerves  (b, 
f)  exhibit  higher  cellularity,  often  accompanied  by  increased  blood  vessels  and  mast  cells.  Hyperplastic  nerves  with 
focal  neurofibroma  (c,  g)  resemble  hyperplastic  nerves  (H),  however,  contain  focal  areas  of  tumor  appearance  (fNF). 
Finally,  frank  neurofibromas  (d,  h;  NF  region)  resemble  human  neurofibromas  with  high  levels  of  collagen  deposition, 
disruption  of  the  Schwann  cell  orientation  and  greatly  increased  cellularity  (compare  H  with  NF).  (F)  From  these 
histological  criteria,  the  penetrance  of  neurofibroma  (I)  was  determined  for  seven  sites:  sciatic  nerves, 
cutaneous/subcuteneous  nerves,  trigeminal  nerves,  brachial  plexus,  cervical  dorsal  root  ganglia  (C-DRG),  thoracic 
DRG  (T-DRG)  and  lumbar  DRG  (F-DRG).  For  sciatic  nerve,  cutaneous/subcutaneous  nerves,  trigeminal  nerves  and 
brachial  plexus,  one  nerve  examined  for  each  mouse.  For  DRGs,  from  1-6  DRGs  were  examined  for  each  site  in  each 
mouse,  and  used  to  generate  an  average  penetrance  of  all  DRGs  per  mouse.  Specifically,  46  C-DRG  from  12 
Nfl P0ACKO  1 , 45  C-DRG  from  10  7V/7P0ACKO2;  23  T-DRG  from  12  A'/'/poaCKO  1 ,  16  T-DRG  from  9  A'/7P0aCKO2;  29 
F-DRG  from  12  7V/7P0ACKO  1  and  20  L-DRG  from  A'/7P0aCKO2  mice  were  analyzed.  A  Z-test  was  used  to  determine 
whether  a  difference  in  neurofibroma  penetrance  exists  based  on  the  environmental  genotype  for  sciatic  nerves, 
cutaneous/subcuteneous  nerves,  trigeminal  nerves  and  brachial  plexus.  Finear  mixed  modeling  was  used  to  determine 
whether  the  penetrance  in  DRGs  was  different  based  on  Nfl  heterozygosity  in  the  environment.  (G)  The  summary  of 
our  diagnostics  for  all  nerves  examined,  based  on  genotype,  is  presented.  Frank  neurofibromas  (NF)  are  labeled  by  red, 
hyperplasia  (H)  by  green,  focal  neurofibroma  (H/fNF)  by  blue,  and  non-neurofibroma,  degenerative  lesions  (DF)  by 
yellow.  Bars  representing  7V/7"/7WTEnv  nerves  are  on  the  left  while  7V/7'/7HETEnv  are  on  the  right.  A  pattern  emerges 
across  the  board,  where  the  Nfl  heterozygosity  in  the  environment  enhances  the  neurofibroma  phenotypes  of  Nfl 
deficiency.  Scale  bars:  (A-D)  1  mm.  (E)  50  pm. 
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Figure  9 
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Figure  9  -  Progressive  mouse  models  of  neurofibroma  and  MPNSTs. 

(A)  Tumors  collected  from  p53/A'/'/P0ACKO  1  and  p5  3/ Nfl 10 A C K O 2  mice  recapitulate  common 
histopathological  features  of  human  MPNSTs  such  as  fasciculated  spindle-shape  cells  (a,  a’), 
palisading  necrosis  (b,  b’),  unoriented  oval  cells  (c,  c’),  and  occasionally  pleomorphism  (d,  d’). 

(B)  MPNSTs  collected  from  these  mouse  models  often  express  p75NGFR  (a,  a’)  and  BLBP  (b, 
b’)  throughout  the  tumor  tissues.  Less  frequently,  MPNSTs  express  S100  (c,  c’),  GFAP  (d, 
d’),  and/or  SoxlO  (e,  e’)  in  approximately  50%  of  tumors  analyzed,  although  not  necessarily 
all  expressed  in  the  same  tumor.  While  immunohistological  markers  varied  highly  between 
MPNSTs,  staining  patterns  were  indistinguishable  between  the  two  mouse  models.  (C)  In 
some  tumor  samples,  regions  containing  neurofibromas  (*  inside  dashed  lines)  juxtaposed  to 
MPNSTs  can  be  identified  (a  and  b,  a’  and  b’).  The  regions  containing  neurofibromas  and 
MPNSTs  show  marked  difference  in  proliferation  marked  by  Ki67  (c,  c’),  and  mTOR  activity 
marked  by  Phosphorylated  S6  (d,  d’).  It  is  more  common  to  find  neurofibroma  tissues 
juxtaposed  with  MPNSTs  in  p53A//'/P0ACKO  1  mice  than  p53A'/'/P0ACKO2  mice.  Scale  Bar:  (A- 
C)  50  pm. 
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Figure  10.  Molecular  analysis  of  benign  and  malignant  peripheral 
nerve  sheath  tumors. 

Benign  and  malignant  portions  of  a  tumor  were  isolated  from  LCM. 
(A)  Both  benign  and  malignant  tumors  underwent  loss  of  Nfl .  Rcre 
represents  the  recombined  Box  allele.  (B)  Malignant,  but  not  benign 
tumors,  underwent  loss  of  the  wild  type  p53  allele.  (C)  Both 
malignant  and  benign  tumors  still  retained  the  knockout  p53  allele. 
M,  malignant  tumor;  B,  benign  tumor. 
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SUMMARY 

Recent  evidence  suggests  that  alterations  in  the  self-renewal  program  of  stem/progenitor  cells  can  cause 
tumorigenesis.  By  utilizing  genetically  engineered  mouse  models  of  neurofibromatosis  type  1  (NF1),  we  dem¬ 
onstrated  that  plexiform  neurofibroma,  the  only  benign  peripheral  nerve  sheath  tumor  with  potential  for 
malignant  transformation,  results  from  Nfl  deficiency  in  fetal  stem/progenitor  cells  of  peripheral  nerves.  Sur¬ 
prisingly,  this  did  not  cause  hyperproliferation  or  tumorigenesis  in  early  postnatal  period.  Instead,  peripheral 
nerve  development  appeared  largely  normal  in  the  absence  of  Nfl  except  for  abnormal  Remak  bundles, 
the  nonmyelinated  axon-Schwann  cell  unit,  identified  in  postnatal  mutant  nerves.  Subsequent  degeneration 
of  abnormal  Remak  bundles  was  accompanied  by  initial  expansion  of  nonmyelinating  Schwann  cells.  We 
suggest  abnormally  differentiated  Remak  bundles  as  a  cell  of  origin  for  plexiform  neurofibroma. 


INTRODUCTION 

The  hallmark  feature  of  neurofibromatosis  type  1  (NF1)  is  the 
development  of  benign  peripheral  nerve  sheath  tumor,  termed 
neurofibroma  (Cichowski  and  Jacks,  2001;  Riccardi,  1992;  Zhu 
and  Parada,  2002).  NF1  is  a  common  inherited  neurological 
disease,  affecting  1  in  3500  newborns  worldwide.  Individuals  af¬ 
flicted  with  NF1  are  predisposed  to  a  wide  spectrum  of  derange¬ 
ments,  including  tumors  in  the  peripheral  and  central  nervous 
system  (PNS  and  CNS),  myeloid  leukemia,  hyperpigmentation 
defects  of  the  skin,  bone  abnormalities,  and  learning  disabilities. 
The  NF1  gene  encodes  a  protein  product  (neurofibromin)  com¬ 
posed  of  2818  amino  acids,  which  is  highly  conserved  during 
evolution.  Neurofibromin  is  a  functional  Ras  GTPase-activating 
protein  (RasGAP)  that  negatively  regulates  Ras  signaling  by  ac¬ 


celerating  conversion  of  activated  Ras-GTP  to  inactive  Ras-GDP 
(Ballester  et  al.,  1990;  Xu  et  al.,  1990). 

Plexiform  neurofibroma  is  the  only  neurofibroma  subtype  that 
has  the  potential  to  undergo  malignant  transformation  and  prog¬ 
ress  to  malignant  peripheral  nerve  sheath  tumors  (MPNSTs). 
MPNST  is  the  most  common  malignancy  associated  with  NF1 
and  is  responsible  for  the  majority  of  mortality  observed  in 
human  NF1  patients  (Korf,  1999;  Woodruff,  1999).  Microscopi¬ 
cally,  neurofibromas  are  heterogeneous  proliferations  com¬ 
posed  of  a  mixture  of  cells  found  in  normal  peripheral  nerves, 
including  Schwann  cells,  fibroblasts,  perineurial-like  fibroblasts, 
axons,  and  mast  cells.  Recent  studies  from  human  tumors 
(Rutkowski  et  al.,  2000;  Serra  et  al.,  2000;  Sheela  et  al.,  1990) 
and  mouse  models  (Zhu  et  al.,  2002)  have  established 
the  Schwann  cell  lineage  as  the  true  neoplastic  element  in 


SIGNIFICANCE 

Identification  of  cancer  stem  cells  raises  the  possibility  that  human  cancers  likely  arise  from  the  stem  or  progenitor  cells 
possessing  self-renewal  capabilities.  However,  the  nature  of  the  cell(s)  of  origin  of  central  and  peripheral  nervous  system 
tumors  remains  largely  unknown.  The  development  of  plexiform  neurofibroma  during  early  childhood  raises  the  possibility 
that  this  tumor  arises  from  the  transformation  of  fetal  stem/progenitor  cells  during  nerve  development.  Our  study  demon¬ 
strated  that  early  tumor  formation  is  characterized  by  an  expansion  of  fully  differentiated  nonmyelinating  Schwann  cells  in 
a  microenvironment  with  degeneration  of  normal  nonmyelinated  axon/Schwann  cell  relationships  and  mast  cell  infiltration. 
These  observations  suggest  potential  future  therapies  for  preventing  neurofibroma  formation  by  stabilizing  axon-Schwann 
cell  interactions  and  reducing  mast  cell  infiltration. 
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neurofibromas.  In  a  mature  peripheral  nerve,  there  are  two  types 
of  Schwann  cells:  myelinating  and  nonmyelinating  Schwann 
cells  (Jessen  and  Mirsky,  2005).  Myelinating  Schwann  cells 
encircle  large-diameter  (>1  pm)  axons  with  concentric  layers 
of  cell  membrane  in  a  1:1  relationship  to  form  lipid-rich,  multi- 
lamellar  myelin  sheaths.  Small-diameter  axons  are  embedded 
within  and  separated  by  cytoplasmic  processes  of  nonmyelinat¬ 
ing  Schwann  cells.  These  Schwann  cell/axonal  complexes, 
termed  Remak  bundles,  may  contain  up  to  30  or  40  axons  in 
mature  nerves  (Taveggia  et  al.,  2005).  If  a  fully  differentiated 
Schwann  cell  is  assumed  to  be  the  cell  of  origin  of  neurofi¬ 
bromas,  it  remains  to  be  explained  how  loss  of  NF1  function 
leads  to  the  transformation  of  axon-bearing  differentiated 
Schwann  cells  into  the  axon-free  Schwann  cells  that  populate 
neurofibromas. 

Clinical  studies  indicate  that  plexiform  neurofibromas  are 
often  identified  during  early  childhood  (Waggoner  et  al.,  2000). 
It  has  been  suggested  that  these  tumors  are  congenital  lesions 
that  arise  from  fetal  stem  or  progenitor  cells  during  nerve  devel¬ 
opment  (Riccardi,  1992).  The  development  of  the  Schwann  cell 
lineage  is  a  complex  process  that  includes  multiple  transition 
phases  from  migrating  neural  crest  cells  to  glial  restricted 
progenitor  cells  (Schwann  cell  precursors)  to  two  mature  cell 
types— myelinating  and  nonmyelinating  Schwann  cells  (see 
Figure  SI  available  with  this  article  online)  (Jessen  and  Mirsky, 
2005).  Although  Schwann  cell  precursors  (SCPs)  were  originally 
identified  and  widely  viewed  as  glial  restricted  progenitors  that 
only  give  rise  to  Schwann  cells  in  developing  peripheral  nerves 
(Dong  et  al.,  1999;  Jessen  et  al.,  1994),  more  recent  evidence 
suggests  that  at  least  some  of  these  cells  are  multipotent  and 
give  rise  to  both  Schwann  cells  and  myofibroblasts  during  devel¬ 
opment  (Joseph  et  al.,  2004;  Morrison  et  al.,  1999).  Conse¬ 
quently,  these  cells  were  also  referred  to  as  neural  crest  stem 
cells  (NCSCs)  (Morrison  et  al.,  1999).  In  this  study,  we  refer  to 
these  stem/progenitor  cells  as  SCP/NCSCs,  which  function  as 
an  intermediate  cell  type  between  classic  migrating  neural  crest 
cells  and  lineage-committed  Schwann  cells  during  nerve  devel¬ 
opment  (Jessen  and  Mirsky,  2005).  Since  loss  of  heterozygosity 
(LOH)  or  biallelic  inactivation  of  the  NF1  gene  is  a  rate-limiting 
step  for  neurofibroma  formation  (Cichowski  et  al.,  1999;  Serra 
et  al.,  1997,  2000),  the  question  arises  whether  the  key  LOH 
event  must  occur  in  fetal  stem/progenitor  cells  during  nerve 
development  to  initiate  plexiform  neurofibroma  formation.  In 
spite  of  the  importance  of  NF1  as  a  model  for  understanding 
tumor  suppressor  gene  function,  it  remains  uncertain  which 
cell  type(s)  in  the  neural  crest/Schwann  cell  lineage  during 
development  and/or  in  adulthood  is  the  cellular  target  for  NF1 
mutation  and  how  loss  of  NF1  in  these  cells  leads  to  neurofi¬ 
broma  formation. 

RESULTS 

Targeting  an  Nfl  Mutation  into  Fetal  Stem/Progenitor 
Cells  during  Nerve  Development 

We  previously  showed  that  neural  crest-specific  Nfl  mutant 
mice  [Nf1NC)  developed  hyperplastic  lesions  in  NC-derived  sym¬ 
pathetic  ganglia  and  adrenal  medulla  and  died  at  birth  (Gitler 
et  al.,  2003).  To  circumvent  early  lethality  of  the  Nf1NC  mice, 
we  utilized  a  previously  published  Cre  transgenic  strain  under 


the  control  of  the  P0  promoter  (P0A- cre)  (Giovannini  et  al., 
2000),  which  expresses  Cre  in  significantly  fewer  cells  within 
the  PNS  during  development.  We  crossed  the  POA-cre  trans¬ 
genic  mice  to  a  Rosa26-LacZ  Reporter  strain  (R26R-LacZ)  that 
allows  us  to  examine  Cre  recombinase  activity  by  expression 
of  the  p-galactosidase  (p-gal)  gene  (Soriano,  1999).  P0A- cre- 
mediated  recombination,  revealed  by  X-gal  staining,  was  first 
detected  in  neural  crest  and  its  derived  tissues  in  cranial-facial 
regions  at  embryonic  day  9.5  (E9.5)  (Figure  S2).  However,  signif¬ 
icant  p-gal  activity  was  not  detected  until  El  1.5  in  the  trunk 
region  (Figures  S3Aa-S3Ad).  At  El  2.5,  when  peripheral  nerves 
start  to  innervate  both  forelimbs  and  hindlimbs,  intense  X-gal 
staining  was  detected  in  these  peripheral  nerves  (arrows,  Figures 
S3Ba-S3Bd).  To  assess  the  specificity  of  POA-cre-mediated 
recombination,  we  performed  X-gal  staining  on  serial  transverse 
sections  prepared  from  the  trunk  region  of  El  2.5  P0A-cre+/ 
R26R-LacZ  double  transgenic  embryos.  As  shown  in  Figure  1 , 
p-gal  positive  cells  are  specifically  distributed  throughout  the 
PNS  including  developing  peripheral  nerves  (Figures  1A-1L).  In 
peripheral  nerves,  p-gal  positive  cells  are  colocalized  with  three 
neural  crest/Schwann  cell  lineage  markers:  p75NGFR  (a  marker 
that  is  expressed  in  both  migrating  neural  crest  cells  and  SCP/ 
NCSCs)  (Figures  1A-1C),  GAP43  (Figures  1D-1F),  and  BLBP 
(brain  lipid  binding  protein,  also  known  as  BFABP  or  Fabp7) 
(Figures  1G-1I).  Both  GAP43  and  BLBP  are  expressed  in  SCP/ 
NCSCs,  but  not  in  migrating  neural  crest  cells  (Jessen  and  Mir¬ 
sky,  2005).  It  is  worth  noting  that  unlike  GAP43  and  BLBP, 
p75NGFR  is  not  neural-specific,  as  it  is  expressed  in  both  devel¬ 
oping  nerves  and  adjacent  muscle  cells  (Figures  IB  and  1C) 
(Wheeler  et  al.,  1998).  The  nonneural  expression  of  p75NGFR 
was  further  confirmed  by  double-labeling  of  p75NGFR  with  an 
axonal  marker,  Tujl  (arrows,  Figure  S4).  Furthermore,  most  of 
these  p-gal-positive  cells  in  sciatic  nerves  did  not  express 
SI  00,  a  marker  for  differentiated  Schwann  cells  (Figures  1 J-1L) 
(Jessen  and  Mirsky,  2005;  Murphy  et  al.,  1996).  Of  note,  periph¬ 
eral  nerve  development  in  the  thoracic  region  occurs  earlier 
than  in  lumbar  region.  Consistently,  a  significant  number  of 
SI  00-positive  cells  were  observed  in  peripheral  nerves  in  the 
thoracic  region  (arrows,  Figure  S3C).  At  the  lumbar  region,  the 
transition  from  migrating  neural  crest  cells  to  SCP/NCSCs 
occurs  between  E10  and  Ell  (Britsch  et  al.,  2001).  Because 
El  1 .5  is  the  earliest  time  point  that  we  could  detect  significant 
p-gal  activity  in  the  trunk,  we  conclude  that  the  major  cell  type 
in  the  peripheral  nerves  in  the  lumbar  region  including  sciatic 
nerves  undergoing  POA-cre-mediated  recombination  is  the 
SCP/NCSC.  To  further  confirm  these  results,  we  performed 
double  immunofluorescence  and  attempted  to  colocalize  the 
p-gal  protein  with  p75NGFR  (Figures  IM-IO),  GAP43  (Figures 
1P-1R),  BLBP  (Figures  1S-1U),  and  SoxlO  (Figures  1V-1X)  (a 
marker  that  is  expressed  in  both  migrating  neural  crest  cells 
and  SCP/NCSCs)  (Britsch  et  al.,  2001).  Collectively,  these  dou¬ 
ble-labeling  experiments  demonstrated  that  most,  if  not  all  of, 
the  p-gal  positive  cells  expressed  all  four  markers.  However, 
only  a  subset  of  p75NGFR,  GAP43,  BLBP,  or  Soxl  0  positive  cells 
expressed  p-gal  protein.  To  inactivate  Nfl  in  SCP/NCSCs  during 
nerve  development,  we  bred  POA-cre  transgenic  mice  to  the 
Nf1fl° x/-  mjce  (zhu  et  al.,  2001)  and  subsequently  generated 
Nfl  mutant  mice  with  genotypes  of  Nf1,lox/~\P0A-cre+  (hereafter, 
Nfl  poaKO). 
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Loss  of  Nfl  in  SCP/NCSCs  Induces  Neurofibroma 
Formation  with  High  Frequency 

The  Nf1P0AKO  mutant  mice  were  viable,  fertile,  and  indistinguish¬ 
able  from  their  control  littermates.  However,  in  the  second  year 
of  life,  all  the  mutant  mice  developed  signs  of  sickness  including 
lethargy,  ruffled  hair,  skin  lesions,  or  hindlimb  paralysis.  Histo¬ 
logical  analysis  revealed  that  all  of  the  sick  mutant  mice  (n  = 
14)  exhibited  neurofibroma  formation  throughout  the  PNS.  We 
focused  our  analysis  on  sciatic  nerves,  because  these  nerves 
are  the  only  parts  of  the  PNS  in  which  the  timing  and  stages  of 
Schwann  cell  development  are  well  established  (Jessen  and 
Mirsky,  2005).  As  compared  to  control  nerves  (Figures  2A  and 
2E),  all  mutant  sciatic  nerves  were  significantly  enlarged  (Figures 
2B-2D).  Histological  examinations  of  sciatic  nerves  revealed  that 
10  of  14  (71%)  mutant  mice  developed  full-blown  plexiform 
neurofibromas  (NF),  which,  like  human  counterparts  (Kleihues 
and  Cavenee,  2000),  were  composed  of  increased  numbers  of 
elongated  spindle-shape  cells  and  infiltrating  mast  cells  in  a 
matrix  rich  in  collagen  fibers  (Figures  2B  and  2F  and  Figures 
2C  and  2G).  All  the  neurofibromas  analyzed  in  this  model 
expressed  SI  00  and  p75NGFR  (Figure  S5),  which  often  serve  as 
diagnostic  markers  for  human  neurofibromas.  The  neurofibroma 
tissues  were  always  identified  adjacent  to  preneoplastic  lesions 
(referred  to  as  hyperplasia,  Figures  2B  and  2C).  The  major  histo- 
pathological  distinction  between  hyperplasia  and  a  fully  devel¬ 
oped  neurofibroma  is  that  hyperplasia  does  not  disrupt  normal 
nerve  structure  in  spite  of  increased  cellularity.  Figure  2D  illus¬ 
trates  an  example  of  advanced  hyperplasia,  characterized  by 
dramatically  increased  cellularity  with  numerous  blood  vessels 
(arrowheads)  and  infiltrating  mast  cells  (arrows),  but  with  persis¬ 
tence  of  normally  arrayed  axons.  In  contrast,  a  neurofibroma 
identified  in  adjacent  areas  was  characterized  histologically  by 
complete  disruption  of  nerve  structure  with  only  small  numbers 
of  residual  myelinated  nerve  fibers  (arrows,  Figure  2H).  In  con- 


Figure  1.  POA-cre-Mediated  Recombina¬ 
tion  in  SCP/NCSCs 

Transverse  sections  from  the  lumbar  region  of 
X-gal-stained  El  2.5  P0A-cre/R26R-LacZ  double 
transgenic  embryos  were  stained  with  anti- 
p75NGFR  (A-C),  GAP43  (D-F),  BLBP  (G-l),  and 
SI  00  (J-L)  antibodies.  The  dashed  lines  (B  and 
C)  mark  the  p75NGFR  and  p-gal  double-positive  de¬ 
veloping  peripheral  nerves.  The  expression  of 
p75NGFR  (M-O),  GAP43  (P-R),  BLBP  (S-U),  or 
SoxlO  (V— X)  in  p-gal  positive  cells  was  further 
confirmed  by  double  immuofluorescence.  Arrow¬ 
heads  and  arrows  in  X  point  to  SoxIO/ft-gal  dou¬ 
ble-positive  cells  and  Sox1O-positive/0-gal-nega- 
tive  cells,  respectively.  Scale  bars:  (A)-(L),  50  pm; 
(M)-(X),  25  pm. 


trast  to  normal  (Figure  2E)  and  hyperplas¬ 
tic  (Figure  2D)  nerves  in  which  Schwann 
cells  distribute  parallel  to  nerve  fibers, 
neurofibroma  cells  are  completely  disor¬ 
ganized  and  randomly  oriented  in  a  colla¬ 
gen-rich  matrix  (Figures  2F-2H).  The  re¬ 
maining  mutant  mice  without  evidence 
of  neurofibroma  formation  in  sciatic 
nerves  (n  =  4,  29%)  developed  an  intermediate  lesion  that  we 
referred  to  as  “hyperplasia  with  focal  neurofibroma”  (hyperpla- 
sia/NF).  Histopathologically,  hyperplasia/NF  is  characterized  as 
an  overall  hyperplastic  lesion  with  focal  areas  displaying  the  dis¬ 
ruption  of  peripheral  nerve  architecture  characteristics  of  neuro¬ 
fibroma  (Figures  7C,  7G,  and  7K).  Notably,  all  of  these  4  mutant 
mice  also  developed  large  cutaneous  or  subcutaneous  neurofi¬ 
bromas  (data  not  shown),  raising  the  question  of  whether  the 
presence  of  these  lesions  in  some  way  precludes  hyperplasia/ 
NF  in  sciatic  nerves  from  progressing  to  full-blown  neurofi¬ 
bromas.  Together,  these  observations  indicate  that  Nfl  inacti¬ 
vation  in  SCP/NCSCs  in  sciatic  nerves  induces  neurofibroma 
formation  with  high  frequency. 

To  test  whether  differentiated  Schwann  cells  are  susceptible 
to  neurofibroma  formation,  we  analyzed  sciatic  nerves  of  a  previ¬ 
ously  characterized  Nfl  mutant  strain  {Nf1fl°*'~;Krox20-cre+, 
referred  to  as  Nf1Krox20KO)  (Zhu  et  al.,  2002).  In  sciatic  nerves, 
the  Krox20- ere  transgene  (also  known  as  Egr2-cre)  is  first  ex¬ 
pressed  at  El  5.5  S100+  immature  Schwann  cells  at  moderate 
levels.  Krox20- ere  becomes  highly  expressed  during  myelination 
and  is  maintained  in  myelinating  Schwann  cells  in  adulthood 
(Figure  SI)  (Garratt  et  al.,  2000;  Ghislain  et  al.,  2002;  Voiculescu 
et  al.,  2000).  None  of  the  sciatic  nerves  analyzed  from  16  aged 
Nf1KroxZ0KO  mutant  mice  along  with  3  control  littermates  (12- 
16  months  old)  exhibited  any  evidence  of  neurofibroma  forma¬ 
tion  (Figures  2I-2P).  In  contrast,  all  of  these  mutant  mice  devel¬ 
oped  multiple  neurofibromas  in  cranial  nerves  and  spinal  roots 
(Zhu  et  al.,  2002)  where  Krox20-vce  is  expressed  in  El  0.5  neural 
stem/progenitor  cells  during  early  nerve  development  (Figures 
S6A-S6C)  (Hjerling-Leffler  et  al.,  2005;  Maro  et  al.,  2004). 
The  level  of  Krox20-cre-mediated  Nfl  deletion  between  sciatic 
nerves  and  spinal  roots  was  not  significantly  different  (Fig¬ 
ure  S6D).  Furthermore,  the  level  of  Cre-mediated  recombination 
in  adult  sciatic  nerves  between  POA-  and  Krox20- ere  transgenic 
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Figure  2.  Histological  Analysis  of  Control 
and  Mutant  Sciatic  Nerves 

Sciatic  nerves  from  control  (A  and  E)  and  three 
Nf1POAKO  mice  ([B]  and  [F],  [C]  and  [G],  and  [D] 
and  [H])  were  sectioned  and  stained  with  hema¬ 
toxylin  and  eosin  (H&E).  The  dashed  lines  (B  and 
C)  mark  the  border  of  neurofibromas  (arrows,  [C]) 
and  hyperplasia  in  mutant  nerves.  Arrows  in  (B) 
and  (D)  point  to  infiltrating  mast  cells  and  arrow¬ 
heads  (D)  point  to  blood  vessels.  Sections  from 
sciatic  nerves  of  control  (I  and  M)  and  three 

Nf1krox20KQ  p  and  [Kj  and  and  jg  gnd 

[P])  mice  were  stained  with  H&E.  These  mutant 
mice  only  developed  varying  degrees  of  hyperpla¬ 
sia  in  sciatic  nerves.  Scale  bar,  100  jim. 


mice  was  also  not  significantly  different  (Figures  S6E  and  S6F). 
Therefore,  these  results  suggest  that  the  timing  of  Nfl  inactiva¬ 
tion,  but  not  the  number  of  Nfl -deficient  cells  generated  by 
Krox20-  and  POA-cre  transgenes  in  peripheral  nerves,  is  critical 
for  the  discrepancy  in  tumor  penetrance  observed  in  these  two 
neurofibroma  models.  Together,  these  results  suggest  that  in 
order  to  efficiently  form  neurofibromas,  Nfl  must  be  deleted 
from  fetal  stem/progenitor  cells  (SCP/NCSCs)  in  developing  pe¬ 
ripheral  nerves. 

The  Role  of  Nfl  in  Schwann  Cell  Development 

The  genetic  studies  described  above  raise  the  question  of 
whether  Nfl  deficiency  leads  to  the  hyperproliferation  of  fetal 
stem/progenitor  cells  (SCP/NCSCs)  throughout  the  late  gesta¬ 
tion  and  the  early  postnatal  period,  despite  the  fact  that  tumors 
did  not  become  grossly  evident  until  late  adulthood.  To  test 
this,  we  examined  sciatic  nerves  of  the  Nf1P0AKO  mutant  mice 
at  postnatal  day  22  (P22),  a  time  point  when  Schwann  cell  devel¬ 
opment  is  nearly  complete.  Surprisingly,  no  significant  difference 
in  cell  density  and  p75NGFR  expression  was  detected  between 
sciatic  nerves  of  control  and  mutant  mice  (Figures  3A-3E).  More¬ 
over,  ultrastructural  analysis  obtained  with  transmission  electron 
microscopy  (TEM)  revealed  no  difference  in  the  number  of  mye¬ 
linating  and  nonmyelinating  Schwann  cells  between  control  and 
mutant  sciatic  nerves  (Figure  S7A).  The  number  of  axons  within 
the  Remak  bundles  of  mutant  sciatic  nerves  was  not  significantly 
altered  when  compared  to  the  control  nerves  (Figure  3F,  Fig¬ 
ure  S7B).  These  observations  indicate  that  Nfl  does  not  regulate 
the  generation  or  overall  differentiation  of  myelinating  or  non¬ 
myelinating  Schwann  cells  from  fetal  stem/progenitor  cells  in 
developing  peripheral  nerves.  However,  unlike  control  Remak 
bundles  (Figure  3G)  in  which  most  of  individual  axons  were  seg¬ 
regated  into  single  Schwann  cell  pockets  (Taveggia  et  al.,  2005), 
some  mutant  Remak  bundles  exhibited  a  Schwann  cell  “pocket 
defect”  that  contained  aberrantly  large  numbers  of  unseparated 
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axons  (Figures  3H,  31,  and  3L),  a  signifi¬ 
cant  number  of  which  had  an  abnormal 
“dilated”  morphology  in  cross  sections. 
The  maximum  number  of  axons  per 
pocket  in  the  control  nerves  was  17  as 
compared  to  41  in  the  mutant  nerves.  In 
addition,  some  of  the  abnormal  Remak 
bundles  with  poorly  segregated  and  dilated  axons  underwent 
aberrant  myelination  (Figure  3K),  a  phenomenon  that  was  never 
observed  in  wild-type  nerves  (CTR  versus  Mut,  p  =  0.004).  Mye¬ 
linated  Remak  bundles  with  smaller  numbers  of  axons  were 
found  in  one  Nfl  heterozygous  mouse  (Figure  3J).  Thus,  these 
data  suggest  that  Nfl  is  required  for  appropriate  axonal  segrega¬ 
tion  and  suppression  of  myelination  in  at  least  some  nonmyeli¬ 
nating  Schwann  cells. 

Degeneration  of  Abnormal  Remak  Bundles 

To  investigate  the  possible  mechanisms  by  which  abnormal 
Remak  bundles  lead  to  neurofibroma  formation,  we  analyzed 
sciatic  nerves  of  control  and  Nf1P0AKO  mutant  mice  at  older 
ages.  At  3  months  of  age  (P90),  although  there  was  no  significant 
difference  in  size  between  control  and  mutant  sciatic  nerves,  the 
cellular  density  of  mutant  sciatic  nerves  was  significantly  in¬ 
creased  as  compared  to  that  of  control  nerves  (Figures  S9A 
and  S9B;  Figure  3E).  EM  analysis  indicated  that  the  number  of 
myelinating  Schwann  cells  in  mutant  P90  sciatic  nerves  was 
not  significantly  different  from  that  of  controls  (Figures  4A-4C; 
Figure  S7C).  Thus,  these  observations  indicate  that  myelinating 
Schwann  cells  do  not  contribute  to  initial  cellular  expansion  in 
P90  mutant  nerves.  In  the  nonmyelinating  Schwann  cell  lineage, 
most  of  the  abnormally  differentiated  Remak  bundles  with 
unseparated  or  poorly  segregated  axons  observed  in  P22  mu¬ 
tant  sciatic  nerves  were  no  longer  detected.  The  small  number 
of  such  abnormal  Remak  bundles  identified  at  P90  had  “broken” 
Schwann  cell  pockets  in  which  axons  were  dissociating  from 
each  other  and  from  their  supporting  Schwann  cells  (arrows,  Fig¬ 
ures  4E  and  4F),  which  was  never  observed  in  control  Remak 
bundles  (Figure  4D).  Since  these  abnormal  Remak  bundles  typi¬ 
cally  contained  more  than  1 0  axons  (1 0+),  we  compared  the  num¬ 
ber  of  axons  ensheathed  by  nonmyelinating  Schwann  cells  within 
each  Remak  bundle  between  control  and  mutant  nerves.  Consis¬ 
tent  with  the  degenerating  morphology  of  abnormal  Remak 
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Figure  3.  Abnormal  Remak  Bundles  in  Nfl  Mutant  Sciatic  Nerves 

Sections  of  sciatic  nerves  from  P22  control  and  Nf1p0AKO  mutant  mice  were 
stained  with  H&E  (A  and  B)  and  anti-p75NGFR  antibody  (C  and  D).  (E)  Quantifi¬ 
cation  of  the  number  of  cells  per  surface  area  (mm2)  in  P22  and  P90  control  and 
mutant  sciatic  nerves.  For  P22  analysis,  8  control  and  3  mutant  mice  were 
used,  and  for  P90  analysis,  3  control  and  7  mutant  mice  were  used.  Cell  density 
for  the  P22  and  P90  is  plotted  as  mean  ±  SEM.  (F)  The  numbers  of  Remak  bun¬ 
dles  per  surface  area  (1 ,000  u m2)  in  control  and  mutant  P22  sciatic  nerves  were 
categorized  into  five  groups  based  upon  the  number  of  axons  that  they  en- 
sheathed.  N  values  represent  Remak  bundles  quantified  for  each  genotype. 
Data  in  (F)  represent  mean  ±  SEM  from  2  control  and  4  mutant  nerves.  Trans¬ 
mission  electron  microscopy  (TEM)  analysis  of  Remak  bundles  in  sciatic 
nerves  of  P22  control  (G  and  J)  and  mutant  (H,  I,  and  K)  mice  show  abnormal 
axonal  segregation  in  the  mutant  mice.  Arrowheads  in  [G]  indicate  Schwann 
cell  cytoplasm  between  different  axons,  which  isolates  each  individual  axon 
into  a  dedicated  Schwann  cell  pocket  in  the  Remak  bundle.  Mutant  Remak 
bundles  contain  unsegregated  axons,  which  remain  directly  apposed  to 
each  other  (arrowheads,  [H],  [I],  and  [K]).  (J  and  K)  The  number  of  myelinated 
Schwann  cells  ensheathing  multiple  axons  (arrows)  is  significantly  increased 
in  mutants  compared  to  controls  (p  =  0.0036).  (L)  The  percentage  distribution 
of  axons  per  Schwann  cell  pocket  in  control  and  mutant  nerves.  N  values  indi¬ 
cate  the  number  of  Schwann  cell  pockets  counted  for  each  genotype  (mean  ± 
SEM).  The  majority  of  axons  in  control  nerves  were  segregated  into  individual 
pockets,  while  the  number  of  axons  properly  segregated  was  dramatically  re¬ 
duced  in  mutant  nerves  (Chi-square  goodness-of-fit  test,  p  <  0.0001).  A,  my¬ 
elinated  axons;  a,  unmyelinated  axons;  a*,  dilated  axons.  Scale  bars:  (A)-(D), 
100  rim;  (G)-(K),  1  urn. 


bundles,  we  found  that  the  normal  Remak  bundles  containing 
10+  axons  In  mutant  nerves  were  dramatically  reduced  as  com¬ 
pared  to  controls  (bottom  panel,  Figure  40).  Loss  of  the  specific 
populations  of  the  normal  Remak  bundles  (10+)  in  P90  mutant 
nerves  suggests  that  these  cells  either  died  or  converted  to  other 
abnormal  cells.  To  test  these  two  possibilities,  we  first  employed 


three  independent  assays  to  examine  whether  excess  apoptotic 
cells  were  present  in  mutant  nerves.  No  excess  apoptotic  cells 
were  identified  by  expression  of  activated  Caspase  3  or  by  a 
TUNEL  assay  in  control  or  mutant  sciatic  nerves  of  P22  and 
P90  mice  (Figures  S8A-S8H).  Furthermore,  by  using  EM,  we  ex¬ 
amined  the  morphology  of  over  1 ,500  nonmyelinating  Schwann 
cells  in  control  and  mutant  sciatic  nerves  of  P22  and  P90  mice. 
No  cell  exhibited  classic  morphology  of  apoptotic  Schwann  cells 
such  as  coarse  chromatin,  aggregation  in  the  nucleus,  vacuola- 
tion  in  the  cytoplasm  (Figure  S8I)  (Feldman  et  al.,  1999).  These 
results  indicate  that  excess  apoptosis  is  not  likely  to  account 
for  the  loss  of  abnormally  differentiated  Remak  bundles  ob¬ 
served  in  mutant  nerves. 

Next,  to  test  the  possibility  whether  these  abnormal  Remak 
bundles  converted  into  other  cells,  we  quantified  the  number 
of  the  different  cell  types  in  control  and  mutant  sciatic  nerves 
of  P90  mice  by  EM  (Figure  S7C).  The  cells  with  Schwann  cell 
morphology,  defined  by  presence  of  a  continuous  basal  lamina 
and  association  with  axon(s),  constitute  approximately  98%  of 
the  total  cells  in  the  endoneurial  space  in  these  EM  cross  sec¬ 
tions  of  both  control  and  mutant  nerves.  We  identified  three 
abnormal  Schwann  cell  populations  in  mutant  nerves  that  were 
rarely  seen  in  control  nerves  (Figures  4D-40).  Abnormal  non¬ 
myelinating  Schwann  cells  (anmSCs)  were  characterized  by  an 
association  of  morphologically  abnormal  axons  (e.g.,  dilated  or 
naked  axons),  many  of  which  had  myelin-like  fragments  (Figures 
4G-4I).  Dissociating  Schwann  cells  (dSCs)  were  characterized 
by  presence  of  free  Schwann  cell  processes  (arrowheads,  Fig¬ 
ures  4J  and  4K),  which  progressively  dissociated  from  axons 
leading  to  degeneration  of  unmyelinated  axons  (arrows,  Figures 
4K  and  4L).  Unassociated  Schwann  cells  (uSCs)  completely  lost 
axonal  contact  in  spite  of  presence  of  a  continuous  basal  lamina 
that  sometimes  encircled  collagen  fibers  (Figures  4M  and  4N). 
The  uSCs  are  morphologically  identical  to  the  tumor  cells  ob¬ 
served  in  both  human  and  mouse  neurofibromas  (Figure  SI  4) 
(Cichowski  et  al.,  1999;  Lassmann  et  al.,  1977;  Zhu  et  al., 
2002).  Both  anmSCs  and  dSCs  share  fundamental  features 
with  nonmyelinating  Schwann  cells:  ensheathing  small-diameter 
axon(s)  and  possessing  a  continuous  basal  lamina  (Figures  4G- 
4L).  However,  most  of  these  abnormal  Schwann  cells,  particu¬ 
larly  dSCs,  contained  fewer  numbers  of  axons  (<10)  compared 
to  normal  nonmyelinating  Schwann  cells  (Figure  40).  Together, 
these  observations  suggest  that  the  Remak  bundles  with  large 
numbers  of  axons  (10+),  which  were  specifically  lost  in  mutant 
nerves,  had  broken  down  into  bundles  with  smaller  numbers 
of  axons  that  were  identified  within  both  normal  and  abnormal 
(anmSCs  and  dSCs)  Remak  bundles.  Consistent  with  this, 
when  we  counted  and  pooled  the  total  axons  from  all  three 
populations  of  nonmyelinating  Schwann  cells  in  mutant  nerves 
(nmSCs,  anmSCs,  and  dSCs),  we  found  that,  as  compared  to 
controls,  mutant  nerves  contained  significantly  fewer  Remak 
bundles  ensheathing  more  than  20  axons,  but  had  increased 
numbers  of  Remak  bundles  containing  10  or  fewer  axons  (Fig¬ 
ure  S7D).  Thus,  these  results  collectively  suggest  that  abnor¬ 
mally  differentiated  Remak  bundles  in  mutant  nerves  are  unsta¬ 
ble  and  degenerate  into  anmSCs  and  dSCs.  The  presence  of 
anmSCs  and  dSCs  leads  to  approximately  61  %  increase  (p  < 
0.01)  in  the  number  of  nonmyelinating  Schwann  cells  in  the  EM 
cross  sections  of  P90  mutant  nerves  as  compared  to  controls 
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Figure  4.  Degeneration  of  Nfl  Mutant  Remak  Bundles  at  P90 

Electron  micrographs  show  cross-sections  of  P90  control  (A  and  D)  and  mu¬ 
tant  (B,  E,  and  F)  sciatic  nerves.  (C)  The  number  of  myelinating  (mSC)  and  non¬ 
myelinating  (nmSC)  Schwann  cells  in  P90  control  and  mutant  sciatic  nerves 
was  presented  by  the  cell  number  per  surface  area  (mean  ±  SEM).  a,  abnormal 
nmSCs;  d,  dissociating  SCs;  nm,  normal  nmSCs.  Arrows  in  (D)  point  to  atypical 
Remak  bundle  in  control  nerves  containing  multiple  unmyelinated  axons  (*).  (E) 
and  (F)  show  two  examples  of  abnormally  differentiated  Remak  bundles  with 
“broken  pockets”  that  have  dissociating  axons.  Arrows  in  (E)  and  (F)  point  to 
unsegregated  axons  (*)  dissociating  from  each  other.  (G)  and  (H)  show  two  rep¬ 
resentative  anmSCs  containing  “naked”  axons  and  myelin-like  fragments  (ar¬ 
rows).  M,  normal  myelin.  (I)  and  (J)  show  the  morphological  similarity  between 
a  pair  of  anmSC  and  dSC.  Arrows  in  (I)  point  to  “naked”  axons  in  an  anmSC 
whose  degeneration  likely  generates  free  Schwann  cell  processes  seen  in 
a  dSC  (arrowheads,  [J]).  (K  and  L)  Two  examples  of  dSCs  with  free  Schwann 
cell  processes  (arrowheads,  [K])  and  degenerating  unmyelinated  axons  (ar¬ 
rows).  (M  and  N)  Two  examples  of  unassociated  Schwann  cells  (uSCs)  with 
continuous  basal  lamina  and  no  axon  contact.  Arrowheads  in  (M)  point  to  col¬ 
lagen  fibers  ensheathed  by  uSCs,  which  were  also  shown  in  Insets  (M)  with 
higher  magnification.  Arrows  in  the  Insets  of  (M)  and  (N)  (top)  point  to  continu¬ 
ous  basal  lamina  in  uSCs  as  compared  to  a  fibroblast  process  (arrows,  bottom 
inset  in  [N]).  (O)  The  numbers  of  Remak  bundles  per  surface  area  (1 ,000  f.im2) 
in  control  and  mutant  sciatic  nerves  were  categorized  into  five  groups 
based  upon  the  number  of  axons  that  they  ensheathed.  Data  in  [O]  represent 
mean  ±  SEM  from  2  control  and  3  mutant  nerves.  Top  panel,  abnormal  non¬ 
myelinating  Schwann  cells  (anmSCs);  middle  panel,  dissociating  Schwann 
cells  (dSCs);  bottom  panel,  normal  nonmyelinating  Schwann  cells  (nmSCs). 
*p  <  0.05,  ***p  <  0.001 .  Scale  bar,  1  \irr\. 


(Figure  4C  and  Figure  S7C).  uSCs  represented  a  minor  popula¬ 
tion  of  cells  in  P90  mutant  nerves.  Because  some  of  them 
exhibited  only  parts  of  Schwann  cell-like  processes  in  the  EM 
images  and,  hence,  are  difficult  to  quantify  accurately,  we  did 
not  include  uSCs  in  this  analysis.  Therefore,  the  61  %  increase 
of  nonmyelinating  Schwann  cells  observed  in  P90  mutant  nerves 
most  likely  is  a  slight  underestimation. 

Expansion  of  Nonmyelinating  Schwann  Cells 

To  investigate  whether  the  initial  expanded  nonmyelinating 
Schwann  cells  observed  in  mutant  nerves  are  neurofibroma  cells 
in  the  early  stages  of  tumorigenesis,  we  first  attempted  to  identify 
specific  markers  for  these  cells.  Under  the  light  microscope, 
except  for  presence  of  mild  hyperplasia,  mutant  sciatic  nerves 
were  relatively  normal  compared  to  controls  at  P90  (Figures  5A 
and  5B;  Figures  S9A  and  S9B).  Furthermore,  the  presence  of 
excess  cells  in  mutant  nerves  did  not  alter  overall  nerve  structure 
and  differentiation  of  myelinating  Schwann  cells,  revealed  by 
SI  00  staining  (Figures  S9C  and  S9D).  These  observations  are 
consistent  with  the  EM  analysis  that  the  myelinating  Schwann 
cells  were  not  affected  in  these  hyperplastic  mutant  nerves. 
Since  Soxl  0  is  primarily  expressed  in  myelinating  Schwann  cells 
of  adult  nerves  (Berger  et  al.,  2006;  Peirano  et  al.,  2000),  we  used 
SoxlO  immunofluorescence  to  quantify  the  number  of  myelinat¬ 
ing  Schwann  cells  in  control  and  mutant  nerves.  Soxl  0-positive 
cells  (arrowheads)  were  comparable  in  control  and  mutant 
nerves,  whereas  mutant  nerves  had  significantly  more  SoxIO- 
negative  cells  (arrows,  Figures  5C  and  5D;  Figure  S10).  These 
results  are  consistent  with  the  EM  analysis  described  above  (Fig¬ 
ure  4C)  that  the  cells  in  the  nonmyelinating,  but  not  in  the  myeli¬ 
nating,  Schwann  cell  lineage,  are  expanded  in  P90  mutant 
nerves.  In  addition,  these  observations  also  suggest  that  the 
initial  expanded  cellular  population  in  mutant  nerves  does  not 
resemble  fetal  stem  or  progenitor  cells  with  regard  to  SoxlO 
expression.  To  further  confirm  these  results,  we  employed  three 
additional  neural  crest/Schwann  cell  lineage  markers,  BLBP, 
GFAP  (glial  fibrillary  acidic  protein),  and  p75NGFR.  The  expression 
of  BLBP  is  downregulated  in  mature  Schwann  cells  (Kurtz  et  al., 
1994;  Miller  et  al.,  2003).  Consistently,  no  BLBP  expression  was 
found  in  control  or  mutant  sciatic  nerves  of  P90  mice  (data  not 
shown).  GFAP  is  probably  one  of  the  most  reliable  markers  for 
nonmyelinating  Schwann  cells  (Jessen  and  Mirsky,  2005).  Ac¬ 
cordingly,  we  observed  a  conspicuous  increase  in  GFAP-posi- 
tive  cells  in  mutant  nerves  as  compared  to  controls  (Figures  5E 
and  5F;  Figure  S1 1 ).  Similar  to  SoxlO,  p75NGFR  is  expressed  in 
both  migrating  neural  crest  cells  and  SCP/NCSCs  during  early 
nerve  development.  However,  in  contrast  to  SoxlO,  p75NGFR 
is  only  expressed  in  the  nonmyelinating  Schwann  cell  popula¬ 
tions  in  adult  nerves.  In  conjunction  with  the  ultrastructural 
changes  noted  above,  the  expression  pattern  of  SoxlO  and 
BLBP  provide  compelling  evidence  that  no  stem  or  progenitor 
cells  persisted  into  adult  Nfl  mutant  nerves.  Hence,  the  expres¬ 
sion  of  p75NGFR  can  be  used  as  a  surrogate  marker  for  nonmye¬ 
linating  Schwann  cells  in  adult  mutant  nerves.  The  increased 
number  of  p75NGFR-expressing  cells  was  identified  in  mutant 
nerves  compared  to  controls.  These  results  were  demonstrated 
by  two  independent  assays:  immuohistochemistry  (Figures  5G 
and  5H;  Figures  S9E,  S9F,  and  SI  2)  and  flow  cytometry  (Figures 
51  and  5J).  Because  both  GFAP  and  p75NGFR  have  diffuse 


1 22  Cancer  Cell  73,11 7-1 28,  February  2008  ©2008  Elsevier  Inc. 


Cancer  Cell 

Cellular  Basis  for  Neurofibroma  Formation 


Cell 


Control 


Mutant 


v. 


Sr 


BrdU  FITC 
r  p75*/BrdU*oi  p75/BrdU* 


Figure  5.  The  Expanded  Cellular  Popula¬ 
tions  in  P90  Mutant  Nerves  Express  Lineage 
Markers  by  Nonmyelinating  Schwann  Cells 

Sections  from  sciatic  nerves  of  P90  control  and 
mutant  mice  were  stained  with  H&E  (A  and  B), 
SoxIO/DAPI  (DAPI  stains  for  cell  nuclei)  (C  and 
D),  GFAP/DAPI  (E  and  F),  and  Tuj1/p75/DAPI  (G 
and  H).  Arrows  and  arrowheads  in  (C)  and  (D)  point 
to  Soxl  O-negative  and  Soxl  0-positive  cells,  re¬ 
spectively.  The  number  of  GFAP-positive  and 
p75NGFR-positive  cells  was  conspicuously  in¬ 
creased  in  mutant  nerves  (arrows,  [F]  and  [H]) 
compared  to  controls  (arrows,  [E]  and  [G]).  Arrow¬ 
heads  in  (F)  and  (H)  point  to  a  cluster  of  GFAP-pos- 
itive  and  p75NGFR-positive  nuclei  in  mutant  nerves, 
which  were  never  seen  in  controls.  Representative 
flow-cytometry  plots  demonstrate  approximately 
a  2.5-fold  increase  in  frequency  of  p75NGFR-posi- 
tive  cells  in  mutant  nerves  (21 .75%,  [J])  compared 
to  that  in  control  (6.27%,  [I])  and  a  1.3-fold  in¬ 
crease  in  frequency  of  BrdU-positive  cells  in  mu¬ 
tant  (0.476%,  [J])  nerves  compared  to  controls 
(0.209%,  [I])  nerves.  Data  in  (K)  represent  mean  ± 
SEM  from  two  independent  experiments  using 
age-matched  control  (n  =  2)  and  mutant  (n  =  4) 
mice.  *p  <  0.05,  **p  <  0.01 .  Statistical  significance 
is  indicated  by  *  or  **.  Sections  from  sciatic  nerves 
of  BrdU-treated  control  (L)  and  mutant  (M)  mice 

were  stained  with  anti-BrdU.  The  inset  in  (L)  shows  a  p75NGFR/BrdU  double-positive  cell  in  a  control  nerve.  ([N]  and  [O]  and  [P]  and  [Q])  Two  representative  mutant 
nerves  showing  a  cluster  of  p75NGFR/BrdU  double-positive  cells  (arrows).  Scale  bar,  50  rim. 


expression  pattern  in  the  cytoplasm  that  could  not  always  readily 
be  colocalized  with  the  cell  nuclei,  we  employed  flow  cytometry  to 
quantify  the  number  of  p75NGFR-expressing  cells  in  sciatic  nerves. 
In  two  independent  experiments,  the  frequency  of  p75NGFR- 
expressing  cells  isolated  by  fluorescence-activated  cell  sorting 
(FACS)  was  approximately  2.5-fold  higher  in  mutant  nerves  than 
that  in  controls  (Figures  5I-5K),  which  agreed  very  well  with  the  in¬ 
crease  in  Soxl  0-negative  cells  (2.1 -fold  increase;  Figure  SI  OK).  It 
is  worth  noting  that  the  increase  observed  in  the  Soxl  0-negative 
or  p75NGFR-positive  cell  populations  of  mutant  nerves  is  markedly 
higher  than  the  increased  numbers  of  non-myelinating  Schwann 
cells  obtained  from  EM  analysis  (61  %).  This  discrepancy  could  re¬ 
flect  the  fact  that  we  were  using  longitudinal  sections  for  quanti¬ 
fying  Soxl  0-positive  or  -negative  cells  whereas  EM  images 
were  taken  from  cross-sections  of  the  nerves.  Together,  these 
results  demonstrate  that  the  expanded  cellular  populations  in 
P90  mutant  nerves  not  only  morphologically  resemble  differenti¬ 
ated  nonmyelinating  Schwann  cells  at  ultrastructural  level  (e.g., 
ensheathing  small-diameter  axons),  but  also  exhibited  molecular 
characteristics  that  are  similar  to  nonmyelinating  Schwann  cells 
(BLBP7Sox1 0  /GFAP+/p75+),  but  not  to  the  fetal  stem/progeni¬ 
tor  cells  (BLBP+/Sox107GFAP  /p75+). 

The  Expanded  Nonmyelinating  Schwann  Cells  Exhibit 
the  Characteristics  of  Early-Stage  Neurofibroma  Cells 

To  investigate  whether  the  expanded  nonmyelinating  Schwann 
cells  in  Nfl  mutant  nerves  exhibit  the  characteristics  of  tumor 
cells,  we  examined  proliferation  of  these  cells.  In  normal  P90 
nerves,  only  about  0.2%  of  the  total  cells  were  proliferating,  re¬ 
vealed  by  BrdU  staining  in  the  FACS  plot  (Figure  51).  There  was 
nearly  1 . 3-fold  increase  in  the  number  of  BrdU-positive  cells  in 


mutant  nerves  (Figure  5J)  as  compared  to  controls  (Figure  51).  Al¬ 
though  the  number  of  BrdU-positive  cells  was  increased  in  both 
p75NGFR-positive  and  p75NGFR-negative  cellular  compartments, 
only  the  p75+/BrdU+  cells  were  statistically  significant  more  in 
mutant  nerves  than  those  in  control  nerves  (Figure  5K).  To  con¬ 
firm  these  FACS  analyses,  we  performed  BrdU-labeling  experi¬ 
ments  on  the  tissue  sections  from  P90  control  and  mutant  sciatic 
nerves.  Consistent  with  the  FACS  results,  very  few  BrdU-positive 
cells  could  be  identified  in  control  nerves,  which  were  evenly 
distributed  throughout  the  nerve  (Figure  5L).  In  contrast,  signifi¬ 
cantly  more  BrdU-positive  cells  were  identified  in  mutant  nerves 
(arrows,  Figure  5M;  p  =  0.02).  Many  of  the  mutant  BrdU-positive 
cells  also  expressed  p75NGFR  and  distributed  in  clusters  (Figures 
5N-5Q),  a  characteristic  of  tumor  cells  that  was  never  observed 
in  control  nerves.  Furthermore,  a  cluster  of  GFAP  or  p75NGFR- 
positive  nuclei  could  readily  be  identified  in  mutant  nerves  (ar¬ 
rowheads,  Figures  5F  and  5H),  but  not  in  controls  (Figures  5E 
and  5G). 

Both  human  genetic  studies  and  mouse  models  have  demon¬ 
strated  that  NF1  deficiency  and  expansion  of  NF1  cells  drive 
neurofibroma  formation.  If  the  expanded  p75NGFR-expressing 
cells  in  mutant  nerves  are  early-stage  neurofibroma  cells,  they 
should  be  genetically  Nfl  deficient.  To  mark  Nfl -deficient  cells 
in  intact  nerve  tissues,  we  introduced  the  R26R-LacZ  allele  to 
control  and  mutant  mice.  Consequently,  we  could  mark  Nfl*' 
and  Nf1~'~  cells  as  p-gal-positive  cells  in  control  (Nf1flox/+;P0A- 
cre+;R26RLacZ)  and  mutant  (Nf1flox/  ;P0A- cre+;R26RLacZ) 
nerves,  respectively.  As  compared  to  controls  (Figure  6A),  the 
number  of  p-gal-positive  cells  in  mutant  (Figure  6B)  sciatic 
nerves  were  significantly  increased,  indicating  expansion  of 
Nf1~'~  cellular  compartment.  In  control  nerves  (Figure  6C), 
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Figure  6.  The  Expanded  Aff7-Deficient 
Cells  in  P90  Mutant  Nerves  Express 
p75NGFR  and  GFAP 

The  R26R-LacZ  allele  was  introduced  to  the  con¬ 
trol  and  Nf1P0AKO  mutant  mice.  Sciatic  nerves 
from  P90  mice  were  sectioned  and  stained  with 
X-gal  (A  and  B)  and  X-gal/anti-p75NGFR  antibody 
(C  and  D).  Sections  from  mutant  nerves  were  tri¬ 
ple-labeled  by  anti-p75NGFR  (E  and  I),  anti-(3-gal 
(F  and  J),  and  DAPI  (H  and  L).  Overlay  images 
are  shown  in  (G)  and  (K).  Arrows  and  an  arrowhead 
in  (I)  to  (L)  point  to  p75NGFR/p-gal  double-positive 
cells  and  a  p75NGFR_/(3-gal+  single  positive  cell, 
respectively.  Sections  from  mutant  nerves  were 
triple-labeled  by  anti-GFAP  (M),  anti-p-gal  (N) 
and  DAPI  (P).  An  overlay  image  is  shown  in  panel 
(O).  Arrows  in  (M)-(P)  point  to  GFAP/p-gal  double 
positive  cells  and  arrowheads  in  the  same  panels 
show  a  small  number  of  p-gal  positive  cells  that 
do  not  express  GFAP.  Scale  bars,  50  |im. 


(3-gal-positive  cells  were  found  in  both  p75NGFR-positive  (arrows) 
and  negative  (arrowhead)  cell  compartments,  indicating  that 
POA-cre  was  targeted  to  both  nonmyelinating  and  myelinating 
Schwann  cell  lineages.  Most  of  the  (3-gal  positive  cells  in  mutant 
nerves  expressed  p75NGFR  (Figures  6D  and  6E-6L),  indicating 
expansion  of  the  p-gal+/p75NGFR+  cellular  population.  Further¬ 
more,  these  p-gal  positive  cells  also  expressed  GFAP  (arrows, 
Figures  6M-6P),  further  confirming  that  they  are  in  the  nonmyeli¬ 
nating  Schwann  cell  lineage.  Together,  these  results  indicate 
that  the  expanded  nonmyelinating  Schwann  cells  exhibited  the 
key  features  of  neurofibroma  cells:  increased  proliferation,  clus¬ 
tering,  and  most  importantly,  Nfl  deficiency.  Expansion  of  the 
nonmyelinating  Schwann  cells  was  accompanied  by  degenera¬ 
tion  of  unmyelinated  axons,  which  was  revealed  by  EM  analysis 
(Figures  4K  and  4L)  and  focal  loss  of  Tujl  expression  in  mutant 
nerves  (compare  Figures  S12E  and  S12M  to  Figures  S12A  and 
SI  21).  Axonal  degeneration  also  correlated  with  an  inflammatory 
response.  At  P22,  no  mast  cells  were  identified  in  either  control 
or  mutant  sciatic  nerves.  In  contrast,  mutant  nerves  recruited 
over  2.5-fold  more  mast  cells  than  did  controls  at  P90,  a  time 
point  when  initial  cellular  expansion  was  observed  in  mutant 
nerves  (Figure  SI  3).  The  degenerative  microenvironment  and 
accompanying  mast  cell  infiltration  may  provide  a  favorable 
niche  for  proliferation  of  early-stage  tumor  cells. 

Progression  Stages  of  Neurofibroma  Development 

The  morphological,  molecular  and  genetic  analyses  described 
above  suggest  that  the  expanded  p75+/GFAP+/p-gal+  (Nfl  defi¬ 
cient)  nonmyelinating  Schwann  cells  observed  in  P90  Nf1POAKO 
mutant  sciatic  nerves  are  tumor  cells  engaged  in  the  early  stages 
of  neurofibroma  development.  To  determine  the  role  of  these 
early-stage  tumor  cells  during  tumor  progression,  we  analyzed 
6  healthy  Nfl  mutant  mice  at  6  to  12  months  of  age,  in  which 
we  identified  the  preneoplastic  lesions  in  sciatic  nerves  similar 
to  those  seen  in  end-stage  mutant  nerves  as  described  above 


(Figure  2).  These  observations  suggest  that  hyperplasia  and 
hyperplasia/NF  are  the  precursors  for  neurofibroma.  However, 
unlike  the  hyperplastic  lesions  observed  in  sciatic  nerves  of 
younger  P90  mutant  mice  (Figure  5B;  Figures  S9B  and  S9D), 
similar  lesions  in  aged  mutant  nerves  exhibited  focal  loss  of 
myelinated  axons,  revealed  by  loss  of  SI  00  staining  (arrows,  Fig¬ 
ure  7B)  as  compared  to  age-matched  controls  (Figure  7A).  Sig¬ 
nificantly  increased  p75NGFR  expression  also  occurred  in  these 
mutant  nerves  (arrows,  Figure  7F)  compared  to  controls  (Fig¬ 
ure  7E),  indicating  further  expansion  of  these  p75NGFR-express- 
ing  cell  populations  (compare  Figures  7F  and  7J  to  Figures  7E 
and  71).  In  semithin  sections,  control  nerves  were  tightly  packed 
with  myelinated  axons  with  only  a  small  intervening  interstitial 
space  (Figures  7M  and  7Q).  Aged  hyperplastic  mutant  nerves, 
in  contrast,  were  significantly  enlarged  by  an  expanded  intersti¬ 
tial  compartment  (Figures  7N  and  7R).  The  expression  pattern  of 
SI  00  and  p75NGFR  revealed  that  hyperplasia/NF  (Figures  7C,  7G, 
and  7K)  and  neurofibromas  (Figures  7D,  7H,  and  7L)  had  contin¬ 
uous  expansion  of  the  p75NGFR-expressing  cells  similar  to  that 
observed  in  hyperplasia,  leading  to  further  increased  interstitial 
cellularity  and  depletion  of  myelinated  axons  (Figures  70  and 
7S,  7P  and  7T,  and  Figure  SI  4).  The  expanded  cell  population 
also  expressed  GFAP  and  was  Nfl  deficient,  revealed  by  in¬ 
creased  numbers  of  GFAP-positive  (Figures  8A-8I)  and  R26R- 
LacZ  positive  cells  (Figure  SI  5)  in  mutant  nerves  during  tumor 
progression.  Consistent  with  loss  of  myelinated  axons  at  later 
stages  of  neurofibroma  development,  gradual  loss  of  SoxIO- 
positive  cells  was  observed  in  these  mutant  nerves  during  tumor 
progression  (Figures  8J-80).  Furthermore,  no  BLBP  expression 
was  observed  in  these  aged  mutant  nerves  (data  not  shown).  To¬ 
gether,  these  results  suggest  that  neurofibroma  progression  is 
driven  by  continuous  expansion  of  the  /Vf7 -deficient  cells  with  mo¬ 
lecular  characteristics  of  nonmyelinating  Schwann  cells  (BLBP-/ 
Sox10-/GFAP+/p75+)  similar  to  the  early-stage  tumor  cells  that 
were  identified  in  sciatic  nerves  of  younger  P90  mutant  mice. 
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Figure  7.  Progression  Stages  of  Neurofibroma  Formation 

Sciatic  nerves  from  control  (A,  E,  and  I)  and  Nf1P0AKO  mutant  mice  harboring 
hyperplasia  (B,  F,  and  J),  hyperplasia  with  focal  neurofibroma  (C,  G,  and  K), 
and  neurofibroma  (D,  H,  and  L)  were  sectioned  and  stained  with  anti-SlOO, 
anti-p75NGFR,  and  H&E.  Arrows  in  (B),  (F)  and  (J)  point  to  focal  loss  of  SI  00- 
positive  myelin  sheath  that  was  accompanied  by  increased  numbers  of 
p75NGFR-expressing  cells.  The  dashed  lines  in  (C,  G,  and  K)  mark  the  border 
of  hyperplasia  and  neurofibroma  tissues.  Arrows  in  (D)  and  (L)  point  to  residual 
SI  00-positive  myelin  sheath  in  a  neurofibroma.  Arrowheads  in  (K)  and  (L)  point 
to  infiltrating  mast  cells  in  neurofibroma  tissues.  Semithin  sections  of  sciatic 
nerves  from  control  (M  and  Q)  and  mutant  mice  harboring  hyperplasia  (N 
and  R),  hyperplasia  with  focal  NF  (O  and  S),  and  neurofibroma  (P  and  T) 
were  stained  with  toluidine  blue.  The  dashed  lines  in  (O)  mark  the  areas  under¬ 
going  transition  from  hyperplasia  to  neurofibroma,  which  is  characterized  by 
significant  loss  of  myelinated  axons  at  ultrastructural  levels.  Arrows  in  (R), 
(S),  and  (T)  point  to  increased  numbers  of  cells  between  myelinated  axons  in 
mutant  nerves  compared  to  controls.  Arrowheads  (Q-T)  point  to  infiltrating 
mast  cells,  staining  metachromatically  in  this  preparation.  Scale  bars,  100  (im. 

DISCUSSION 

Cell  of  Origin  for  Plexiform  Neurofibroma 

In  this  study,  we  employed  two  Cre  transgenic  strains,  POA-cre  and 
Krox20- ere,  which,  respectively,  target  an  Nfl  mutation  into  stem/ 
progenitor  cells  and  more  differentiated  Schwann  cells  in  sciatic 
nerves.  The  Nf1P0AKO  mice,  but  not  the  age-matched  Nf1Krox20KO 
mice,  developed  plexiform  neurofibromas  in  sciatic  nerves.  These 
genetic  studies  provide  compelling  evidence  that  plexiform  neuro¬ 
fibromas  arise  most  efficiently  as  a  result  of  Nfl  deletion  from  fetal 
stem/progenitor  cells  in  developing  peripheral  nerves. 

No  stem/progenitor  cells  (NCSCs)  have  been  identified  in 
normal  adult  peripheral  nerves  (Kruger  et  al.,  2002).  Thus,  the 
possible  mechanisms  underlying  transformation  of  fetal  stem/ 
progenitor  cells  are  that  NF1  deficiency  (1)  promotes  self¬ 
renewal  of  fetal  stem/progenitor  cells  to  form  hyperplasia  or 
tumors  during  or  after  nerve  development  is  complete  and/or 
(2)  inhibits  differentiation  of  the  fetal  stem/progenitor  cells  that 
leads  to  at  least  some  of  these  undifferentiated  cells  persisting 
into  adult  nerves  and  forming  tumors  at  later  stages.  Our  data 


Control  ||  Mutant  Hi  Mutant 


Figure  8.  The  Number  of  GFAP-Positive  Cells  Is  Gradually  Increased 
during  Neurofibroma  Progression  with  a  Concomitant  Decrease  in 
Soxl  0-Expressing  Cells 

Adjacent  sections  from  sciatic  nerves  of  aged  control  and  two  Nf1p0AKO  mu¬ 
tant  mice  were  stained  with  GFAP  (A,  B,  and  C),  DAPI  (D,  E,  and  F),  GFAP/DAPI 
(overlay  images,  [G],  [H],  and  [I]),  and  SoxIO/DAPI  (J,  K,  and  L).  (M),  (N),  and  (O) 
represent  high  magnification  views  of  (J),  (K),  and  (L).  Scale  bars,  50  |im. 

show  that  Nfl  -deficient  fetal  stem/progenitor  cells  differentiate 
according  to  a  normal  time  course  into  Schwann  cells.  In  addi¬ 
tion,  EM  analysis  and  expression  of  neural  crest/Schwann  cell 
lineage  markers  revealed  no  evidence  of  stem/progenitor  cells 
persisting  into  adult  mutant  nerves.  By  employing  a  well-estab¬ 
lished  neural  stem  cell  assay  (Morrison  et  al.,  1999),  Joseph 
et  al.  found  no  evidence  for  the  persistence  of  NCSCs  in  Nfl -de¬ 
ficient  nerves  based  upon  functional  clonal  assays  for  the  pres¬ 
ence  of  self-renewing,  multipotent  stem  cells  (Joseph  et  al., 
2008).  Together,  these  data  suggest  that  it  is  unlikely  that  persist¬ 
ing  Nfl -deficient  fetal  stem/progenitor  cells  serve  as  a  direct  cell 
of  origin  for  plexiform  neurofibroma.  Rather,  the  only  subtle 
phenotypic  abnormality  identified  in  postnatal  Nf1P0AKO  mutant 
nerves  is  the  presence  of  a  subset  of  the  Remak  bundles  with 
a  Schwann  cell  “pocket  defect,”  which  failed  to  appropriately 
segregate  ensheathed  axons.  Abnormal  axonal  segregation 
phenotypes  observed  in  Nfl  mutant  Remak  bundles  are  reminis¬ 
cent  of  those  seen  in  mice  with  targeted  mutations  in  the  type 
III  neuregulin-1  (NRG1)  (Taveggia  et  al.,  2005)  or  (3-secretase 
BACE1  that  is  normally  required  for  cleaving  the  type  III  NRG1 
precursor  into  the  functional  form  (Hu  et  al.,  2006;  Willem  et  al., 
2006),  suggesting  that  NF1  may  be  an  intracellular  component 
of  NRGI/ErbB  signaling  pathway. 
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Our  data  indicate  that  the  abnormally  differentiated  Remak 
bundles  with  the  “pocket  defect”  were  degenerating  in  sciatic 
nerves  of  P90  Nf1P0AKO  mutant  mice.  Most  strikingly,  degenera¬ 
tion  of  the  abnormal  Remak  bundles  was  accompanied  by  initial 
cellular  expansion  in  Nf1P0AKO  mutant  nerves.  At  the  ultrastruc- 
tural  level,  the  expanded  cell  populations  exhibited  an  inter¬ 
mediate  morphology  between  fully  differentiated  nonmyelinating 
Schwann  cells  and  neurofibroma  cells.  Thus,  the  majority  of  the 
expanded  cells  were  morphologically  characterized  as  anmSCs 
or  dSCs,  both  of  which  displayed  the  defining  features  of  non¬ 
myelinating  Schwann  cells  (e.g.,  ensheathing  various  numbers 
of  small-diameter  axons).  When  we  compared  the  axon  number 
within  each  Remak  bundle  between  control  and  mutant  nerves, 
there  is  a  conspicuous  shift  in  axonal  distribution  from  the  more 
Remak  bundles  ensheathing  >20  axons  in  control  nerves  to  the 
more  Remak  bundles  with  <10  axons  in  mutant  nerves.  Thus, 
the  morphological  similarities  of  and  the  differences  in  axon  num¬ 
ber  ensheathed  by  control  and  mutant  nonmyelinating  Schwann 
cells  suggest  a  lineage  relationship  between  the  degenerating 
abnormally  differentiated  Remak  bundles  with  the  “pocket  de¬ 
fect”  and  anmSCs/dSCs/uSCs.  Specifically,  we  propose  a  model 
for  neurofibroma  initiation  (Figure  SI  6):  degeneration  of  abnor¬ 
mally  differentiated  Remak  bundles  in  mutant  nerves,  which  pro¬ 
gressively  dissociate  from  axons  and  breaks  into  bundles  with 
smaller  numbers  of  axons,  a  sequence  which  eventually  gener¬ 
ates  a  continuum  of  abnormal  Remak  bundles,  ranging  from 
anmSC,  dSCs  to  uSCs.  The  clinical  observation  that  plexiform 
neurofibroma  is  almost  exclusively  found  in  individuals  with 
NF1  germline  mutations  (Halliday  et  al.,  1991;  Woodruff,  1999) 
also  supports  the  notion  that  NF1  plays  a  critical  function(s) 
during  early  nerve  development.  Together,  our  results  implicate 
the  abnormally  differentiated  Remak  bundles  as  a  cell  of  origin 
for  early-stage  neurofibroma  cells. 

Early-Stage  Tumor  Cells  versus  Tumor-Initiating  Cells 

Our  morphological  and  molecular  analyses  demonstrate  that 
initial  hyperplasia  observed  in  P90  Nfl  mutant  nerves  is  not  due 
to  expansion  by  stem  or  progenitor  cells,  but  rather  by  fully  differ¬ 
entiated  nonmyelinating  Schwann  cells.  To  establish  a  cell  or 
cells  as  a  cell  of  origin  for  a  tumor,  it  is  necessary  to  determine 
whether  these  cells  are  responsible  for  initiation  and  progression 
of  tumors.  The  term  “tumor-initiating  cells”  was  recently  used  to 
describe  a  subset  of  human  tumor  cells  that  possess  stem  cell¬ 
like  properties  and  are  capable  of  regenerating  tumors  when 
transplanted  into  immunodeficient  mice  (Al-Hajj  et  al.,  2003; 
Singh  et  al. ,  2004).  The  “tumor-initiating  cells”  were  often  referred 
to  as  cancer  stem  cells.  However,  these  tumor-initiating  cells 
were  isolated  from  end-stage  established  tumors,  which  typically 
have  accumulated  numerous  mutations  that  support  its  growth 
upon  xenotransplantation.  Therefore,  the  tumor-initiating  cells  or 
cancer  stem  cells  probably  have  little  or  no  resemblance  to  the 
early-stage  tumor  cells,  which  harbor  fewer  mutations  and  are 
responsible  for  initiating  tumor  formation  in  primary  tumor  sites. 

Because  the  early-stage  tumor  cells  typically  are  present  in 
smaller  numbers  and  have  limited  tumorigenic  capacities,  we  de¬ 
signed  several  in  vivo  assays  to  determine  their  tumor  cell  char¬ 
acteristics.  Given  that  no  stem  or  progenitor  cells  were  observed 
in  adult  Nfl  mutant  nerves,  we  were  able  to  use  p75NGFR  as  a  sur¬ 
rogate  for  the  expanded  nonmyelinating  Schwann  cells.  First, 


both  our  immunofluorescence  and  FACS  data  demonstrate  that 
most  of  the  proliferating  cells  were  identified  in  the  p75NGFR-pos- 
itive  cellular  compartment,  which  were  significantly  increased  in 
Nfl  mutant  nerves.  Second,  the  proliferating  p75NGFR-positive 
cells  histopathologically  exhibited  an  important  characteristic  of 
tumor  cells,  namely  a  tendency  to  form  clusters,  a  phenomenon 
that  was  never  observed  in  control  nerves.  Third,  most  impor¬ 
tantly,  many  of  the  p75NGFR-positive  cells  are  genetically  Nfl 
deficient.  Finally,  during  neurofibroma  progression,  the  continu¬ 
ously  expanded  cellular  populations  share  the  molecular  and 
genetic  characteristics  (BLBP  /Sox1Cr/GFAP+/p75'7A//:7  /_) 
with  those  early-stage  tumor  cells.  Taken  together,  our  data  sug¬ 
gest  that  the  initially  expanded  nonmyelinating  Schwann  cells  are 
early-stage  tumor  cells,  which  are  responsible  for  both  the  initia¬ 
tion  and  progression  of  plexiform  neurofibromas. 

Clinical  Implication 

Previous  studies  showed  that  overexpression  of  epidermal 
growth  factor  receptor  (EGFR)  or  dominant  negative  ErbB4  in¬ 
duced  similar  hyperplastic  lesions  to  that  seen  in  P90  Nf1P0AKO 
mutant  nerves  (Chen  et  al.,  2003;  Ling  et  al.,  2005).  However, 
these  transgenic  mice  did  not  develop  neurofibromas.  There¬ 
fore,  there  must  be  some  intrinsic  increase  of  tumorigenic  poten¬ 
tial  in  Nfl _/_  dSCs  and  uSCs  and/or  extrinsic  field  effects  of 
7W7+/~  microenvironment.  Intriguingly,  we  detected  unmyelin¬ 
ated  axonal  degeneration  and  mast  cell  infiltration  at  the  initiation 
phase  of  neurofibroma  formation.  Joseph  et  al.  transplanted 
Nf1~'~  NCSCs  into  sciatic  nerves  of  adult  Nf1+/~  mice  and 
observed  no  tumor  formation  20  months  after  injection  (Joseph 
et  al.,  2008  [this  issue  of  Cancer  Cell]).  Therefore,  it  is  tempting 
to  speculate  that  such  a  degenerative  and  inflammatory  micro¬ 
environment  could  provide  a  favorable  niche  for  initial  prolifera¬ 
tion  of  Nf1~'~  cells.  Thus,  the  present  study  suggests  potential 
future  therapies  for  prevention  and  treatment  of  neurofibroma 
by  stabilizing  axon-Schwann  cell  interactions  and  reducing 
mast  cell  infiltration. 

EXPERIMENTAL  PROCEDURES 
Control  and  Conditional  Mutant  Mice 

The  control  mice  used  in  this  study  are  a  pool  of  phenotypically  indistinguish¬ 
able  mice  with  four  genotypes:  Nf1fl°x/*;P0A-cre+,  Nf1,lox",ox;P0A- ere-, 
Nf1f/ox/  :  POA-Cre  ,  and  Nfl*'  .  The  mutant  mice  used  were  of  the  genotype, 
Nfi iiox/  ;pQA-cre  (mutants).  The  POA-cre  transgenic  strain  was  initially  gener¬ 
ated  on  the  FVB  background  (Giovannini  et  al.,  2000).  After  five  generations  of 
being  backcrossed  to  the  129  Svj  background,  the  POA-cre  transgenic  mice 
were  crossed  to  the  Nfl"°x,~  mice  that  were  maintained  on  the  129  Svj  back¬ 
ground.  Subsequent  crosses  generated  control  and  mutant  mice  for  analysis. 
The  Rosa26-LacZ  allele  was  maintained  on  the  mixed  129  Svj  and  C57BI6 
backgrounds.  The  mutant  mice  with  or  without  the  Rosa26-LacZ  allele 
exhibited  similar  phenotypes.  All  mice  in  this  study  were  cared  for  according 
to  the  guidelines  that  were  approved  by  the  Animal  Care  and  Use  Committees 
of  the  University  of  Michigan  at  Ann  Arbor. 

Histological,  Molecular,  FACS,  and  Statistical  Analyses 

Detailed  descriptions  for  these  experimental  procedures  are  provided  in  the 
Supplemental  Data. 

Supplemental  Data 

The  Supplemental  Data  include  Supplemental  Experimental  Procedures  and 
16  supplemental  figures  and  can  be  found  with  this  article  online  at  http:// 
www.cancercell. org/cgi/content/full/1 3/2/1 17/DC1/. 
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Supplemental  experimental  procedures 
Tissue  Processing 

For  histological  analysis,  we  utilized  both  paraffin  sections  and  frozen  sections.  For  both 
section  techniques,  control  and  mutant  littermates  at  P22,  P90,  6-12  months  and  12-20 
months  of  age  were  perfused  with  4%  paraformaldehyde  (PFA).  For  paraffin  sections, 
sciatic  nerves  were  dissected,  post-fixed  in  PFA  overnight  at  4°C,  and  processed  for 
paraffin  embedding.  Sciatic  nerves  were  sectioned  longitudinally  at  5  pm  thickness.  For 
frozen  sections,  sciatic  nerves  were  dissected,  post-fixed  in  PFA  for  2  hours  at  4°C  and 
transferred  to  30%  sucrose  overnight  at  4°C.  Tissue  was  embedded  in  using  O.C.T. 
compound  (Tissue-Tek)  and  frozen  in  crushed  dry  ice.  Sciatic  nerves  were  sectioned 
longitudinally  at  6  or  14  pm  thickness. 

Histology  and  tumor  grading 

Two  to  three  paraffin  sectioned  slides  were  stained  with  hematoxylin/eosin  (H&E). 
Diagnosis  for  each  sciatic  nerve  lesion  was  generated  based  upon  histology  from  H&E 
stained  sections  under  the  light  microscopy.  The  penetrance  and  frequency  of 
neurofibromas  or  pre-neoplastic  lesions  in  control  and  mutant  mice  was  quantified  based 
upon  sciatic  nerve  diagnoses.  Quantification  of  the  number  of  cells  per  surface  area 
(mm")  in  P22  and  P90  control  and  mutant  sciatic  nerves  was  performed  using  ImageJ  on 
digital  images  of  H&E  stained  sections.  For  PCR  analysis,  tissues  were  dissected  in  ice- 
cold  PBS  and  digested  with  proteinase  K  as  described  (Zhu  et  al.,  2005). 

Immunohistochemistry  and  Immunofluorescence 

Immunohistochemistry  was  performed  on  both  paraffin  and  frozen  sections.  The 
visualization  of  primary  antibodies  was  performed  with  the  avidin-biotin  horseradish 
peroxidase  system  (Vectastain  ABC  kit,  Vector).  The  dilutions  of  primary  antibodies 
used  on  paraffin  sections  in  this  study  were:  anti-SlOO  (rabbit,  1:100,  Signet),  anti- 
p75NGFR  (rabbit,  1:4,000,  Chemicon).  The  dilutions  of  primary  antibodies  used  on  frozen 
sections  in  this  study  were:  anti-SlOO  (rabbit,  1:300,  Signet),  anti-BLBP  (rabbit,  1:5,000, 
a  gift  from  N.  Heintz),  anti-GAP43  (mouse,  1:500,  a  gift  from  Drs.  Y.  Shen  and  K.  Meiri) 
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and  anti-p75NGFR  (rabbit,  1:8,000,  Chemicon). 

Immunofluorescence  was  performed  on  both  paraffin  and  frozen  sections.  Visualization 
of  primary  antibodies  was  performed  by  using  Cy3-conjugated  anti-rabbit/goat/rat  and 
Cy2-conjugated  anti-mouse/rabbit  secondary  antibodies  (1:200,  Jackson 
ImmunoResearch).  The  dilutions  of  primary  antibodies  used  in  this  study  are  as  follows: 
anti-BLBP  (rabbit,  1:2,000,  a  gift  from  N.  Heintz),  anti-GAP43  (mouse,  1:2,000,  a  gift 
from  Drs.  Y.  Shen  and  K.  Meiri),  anti-p75NFGR  (rabbit,  1:10,000,  Chemicon),  anti-SoxlO 
(rabbit,  1:500,  Chemicon),  anti-fl-gal  (goat,  1:10,000,  AbD  Serotec),  anti-GFAP  (rabbit, 
1:2,000,  DAKO),  anti-BrdU  (rat,  1:500,  Abeam)  and  anti-Tujl  (mouse,  1:1,000, 
Covance).  DAPI  (lpg/ml.  Molecular  Probes)  was  used  to  visualize  nuclei.  Sections  were 
examined  under  a  fluorescence  microscope  (Olympus). 

Semithin  and  ultrathin  preparation 

Control  and  mutant  littermates  were  perfused  with  4%  PFA  and  2.5%  gluteraldehyde. 
Sciatic  nerves  were  dissected  and  post-fixed  in  4%  PFA  and  2.5%  gluteraldehyde 
overnight  at  4°C.  Nerves  were  then  post-fixed  in  OSO4  for  1  hour  and  embedded  in  epoxy 
resin.  Semithin  sections  were  cut  with  a  glass  knife  at  0.5  pm  and  stained  with  toluidine 
blue  for  visualization.  Ultrathin  sections  were  cut  with  a  diamond  knife  at  75  nm  and 
visualized  using  transmission  electron  microscope  (TEM).  For  P22  pups,  2  control  and  4 
mutant  sciatic  nerves  were  analyzed  using  four  or  five  low  magnification  fields  from  each 
nerve.  For  P90  mice,  2  controls  nerves  and  3  mutant  nerves  were  analyzed  using  seven  or 
nine  low  magnification  fields  from  each  nerve.  Each  field  was  taken  at  the  same  low 
magnification,  and  total  endoneurial  area  in  each  image  calculated  by  the  ImageJ 
software  package.  Higher  magnification  images  for  most  areas  in  each  field  were  taken. 
The  number  of  mSCs,  nmSCs,  anmSCs,  and  dSCs  were  quantified  for  each  field  based  on 
morphology  in  high  magnification  images.  The  axon  number  per  Remak  bundle  for 
which  nmSCs,  anmSCs  or  dSCs  ensheathed  was  counted  and  categorized  into  single,  2- 
10,  1 1-20,  21-30  or  greater  than  30.  Axons  in  each  Schwann  cell  pocket  was  counted  and 
categorized  into  single,  2-10  or  11-50.  The  cell  density  for  each  population  was 
normalized  by  the  surface  area  sampled. 
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Statistical  analysis  for  EM  data 

Cell  densities  from  the  same  low  magnifications  image  cannot  be  considered  independent 
since  cells  from  the  same  nerve  tend  to  be  correlated  as  evident  by  an  interclass 
correlation  coefficient  (ICC)  of  0.2.  Thus,  we  utilized  linear  mixed  models  from  the 
SPSS  15  statistical  package  in  order  to  determine  if  there  was  a  difference  in 
population  for  nmSC,  anmSC,  dSC,  mSC  and  axons  per  Remak  bundle  in 
control  and  mutant  nerves.  Genotype  was  set  as  the  fixed  factor  while  nerve  was  set  as  a 
random  factor  in  order  to  generate  accurate  P-values  and  error  bars.  Chi-squared 
goodness-of-fit  tests  were  used  to  compare  control  and  mutant  distributions  for  axon 
pocketing  at  P22.  P  <  0.05  was  considered  to  be  statistically  significant.  One  mutant  P90 
sciatic  nerve  had  an  intermediate  phenotype  between  that  of  control  and  mutants.  For  the 
purposes  of  nmSC  distribution  and  axon  density  distribution  into  axons  per  Remak 
bundle  analysis,  this  mutant  was  excluded  in  order  to  better  document  the  changes  in 
cellular  distribution  of  the  more  severely  affected  mutant  mice. 

LacZ  staining 

The  R26R-LacZ  allele  was  introduced  to  the  control  and  mutant  mice.  Mice  with 
genotypes  of  NFlflox/+;P0A-cre+;R26R-LacZ+  (control)  and  NF 1  flox/";P0A-cre+;R26R- 
LacZ+  (mutant)  were  generated.  Embryos  from  double  transgenic  P0A-cre/R26R-LacZ 
mice  were  collected  at  E9.5,  E10.5,  El  1.5,  and  E12.5,  and  subjected  to  whole-mount  X- 
gal  staining  as  described  previously  (Zhu  et  al.,  2001).  Fifty  pm  vibratome  sections  and 
14  pm  frozen  sections  were  generated  from  the  whole-mount  stained  embryos.  Serial 
sections  from  multiple  levels  of  the  sciatic  nerve  were  subjected  to  nuclear  fast  red 
counterstaining,  immunohistochemistry  or  immunofluorescence.  Similarly,  sciatic  nerves 
from  control  and  mutant  mice  carrying  the  R26R-LacZ  allele  at  P90  were  dissected  and 
frozen  sections  were  analyzed  with  X-gal  and  X-gal/anti-p75NGFR  antibody  staining. 

BrdU  assay 

Control  and  mutant  mice  were  pulsed  with  50  pg/g  (gram,  body  mass)  of  BrdU  five  times 
a  day  at  2-hour  intervals.  Mice  were  perfused  with  4%  PFA  2  hours  after  the  last  pulse. 
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Sciatic  nerves  were  prepared  for  frozen  sections.  BrdU  immunofluorescence  was 
performed  as  described  previously  (Zhu  et  al.,  1998).  The  number  of  BrdU-positive  cells 
was  quantified  and  statistical  analysis  was  carried  out  using  two  tail  Student’s  /-test.  P  < 
0.05  was  considered  to  be  statistically  significant. 

FACS  Analysis 

Age  matched  3  month  to  5  month  old  NF1  n°x/;P()A-crc-h  NFlflox/flox;P0A-cre+  and 
NF1  fox/fox;  P0A-cre-  mice  were  injected  with  BrdU  at  50  pg/g  for  5  consecutive  days.  At 
these  stages,  NF 1  llox,  ;P0A-crc+  and  NFlflox/flox;P0A-cre+  mutant  mice  exhibited 
indistinguishable  phenotypes  in  sciatic  nerves.  BrdU  was  also  added  to  the  drinking 
water  of  the  mice  at  1  mg/ml  for  the  duration  of  the  injections.  Sciatic  nerves  were 
dissected  from  BrdU  treated  mice  following  the  final  day  of  treatment  and  collected  in 
ice-cold  Ca,  Mg-free  HBSS.  Nerves  were  dissociated  for  30  min  at  37°C  in  1  mg/ml  type 
IV  collagenase  (Worthington)  followed  by  20  min  at  37°C  in  0.5%  trypsin/EDTA 
(Invitrogen).  The  reaction  was  quenched  with  staining  medium:  LI 5  medium  containing 
1  mg/ml  BSA  (Sigma  A-3912),  10  mM  HEPES  (pH  7.4),  1%  penicillin/streptomycin 
(BioWhittaker),  and  25  mg/ml  deoxyribonuclease  type  1  (DNasel,  Sigma  D-4527).  Cells 
were  centrifuged,  resuspended  in  staining  medium  without  DNase,  triturated,  and  filtered 
through  nylon  screen  (45  mm,  Sefar  America)  to  remove  aggregates.  Cell  suspensions 
were  stained  with  antibodies  against  p75NGFR  (rabbit,  1:2,000,  Chemicon)  and  BrdU 
(FITC  BrdU  Flow  Kit,  BD  Pharmagen)  for  analysis  of  the  frequency  of  p75NGFR+  and 
BrdU+  cells  by  flow-cytometry  (Bixby  et  al.,  2002).  Flow-cytometry  was  performed  with 
a  FACSVantage  SE-dual  laser,  three-line  flow-cytometer  (Becton-Dickinson).  For 
statistical  analysis,  two  tailed  Student’s  /-tests  were  performed  to  compare  differences  in 
population  distribution  of  P75NGFR-/BrdU-,  P75NGFR-/BrdU+,  p75NGFR+/BrdU-, 
P75NGFR+/BrdU+,  p75NGFR+  and  BrdU+  FACS  sorted  cells  from  NFlflox/‘;P0A-ere+  and 
NFlflox/floX;P0A-cre-t-  nerves.  For  each  category  compared,  a  P-value  of  >  0.5  was 
obtained.  Thus,  we  grouped  mice  with  genotypes  of  NFltlox/";P0A-cre+  and 
NFlflox/floX;P0A-cre+  together  as  the  Mutants  category.  Two  tailed  Student’s  /-tests  was 
conducted  between  Mutants  and  NF1 nox/riox;  POA-cre-  (Control)  for  each  of  the  above 
categories.  P  <  0.05  was  considered  to  be  statistically  significant. 
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Apoptosis  analysis 

TUNEL  staining  (ApopTag  Peroxidase  In  Situ  Apoptosis  Detection  Kit,  Chemicon)  was 
performed  on  paraffin  sections.  Immunofluorescence  with  antibody  against  Cleaved 
caspase-3  (rabbit,  1:800,  Cell  Signaling)  was  performed  on  frozen  sections.  Electron 
micrographs  from  P22  and  P90  nerves  were  analyzed  for  apoptotic  Schwann  cells,  as 
defined  by  coarse  chromatin,  aggregation  in  the  nucleus,  vacuolation  in  the  cytoplasm 
and  condensed  rough  endoplasmic  reticulum  associated  with  loss  of  perikaryal  volume 
(Feldman  et  al.,  1999). 

Mast  cell  quantification 

One  to  three  H&E  stained  slides  of  sciatic  nerves  were  taken  from  22  days  old  and  90 
days  old  mice  for  mast  cells  quantification.  All  of  these  H&E  stained  slides  were  scanned 
and  the  sections  that  had  best  histology  were  selected  for  analysis.  Mast  cells  were 
counted  for  each  section  individually  using  40X  magnification  under  a  light  microscope. 
The  area  of  the  nerve  was  calculated  using  the  ImageJ  software  package  and  mast  cell 
density  was  calculated  as  the  number  of  cells  per  surface  area  (mm2).  Statistical  analysis 
was  carried  out  using  two  tail  Student’s  f-test.  P  <  0.05  was  considered  to  be  statistically 
significant. 

Supplemental  figure  legends 

Supplemental  Figure  1.  The  scheme  of  Schwann  cell  development  in  mouse  sciatic 
nerves  and  the  expression  pattern  of  Krox20-cre  and  POA-cre  transgenes. 

The  terms  used  for  describing  Schwann  cells  at  different  developmental  stages  were 
based  upon  a  recent  review  by  lessen  and  Mirsky  (lessen  and  Mirsky,  2005).  NCC, 
neural  crest  cell;  SCP/NCSC,  Schwann  cell  precursor/Neural  crest  stem  cell;  SC, 
Schwann  cell;  nmSC,  non-myelinating  Schwann  cell;  mSC,  myelinating  Schwann  cell. 

Supplemental  figure  2.  POA-cre  mediated  recombination  at  E9.5  and  E10.5. 

Embryos  with  both  POA-cre  and  R26R-LacZ  transgenes  at  E9.5  (A)  and  E10.5  (B-D) 
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were  subjected  to  whole-mount  X-gal  staining.  Arrows  in  A.  B  point  to  cranial-facial 
staining  of  the  embryos.  Of  note,  at  these  stages,  except  for  the  notochord,  no  Cre- 
mediated  (3-gal  expression  was  detected  in  the  trunk  region.  Scale  bar:  1  mm. 

Supplemental  Figure  3.  POA-cre  mediated  recombination  at  El  1.5  and  E12.5. 

Embryos  with  both  POA-cre  and  R26R-LacZ  transgenes  at  El  1.5  (A)  and  E12.5  (B)  were 
subjected  to  X-gal  staining.  (Aa-Ad  and  Ba-Bd)  High  magnification  views  of  the  El  1.5 
(A)  and  E12.5  (B)  embryos  show  that  POA-cre-mediated  recombination  in  peripheral 
nerves  is  more  robust  in  the  lumbar  region  (arrows,  Ac  and  Be)  than  in  the  thoracic 
region  (Aa  and  Ba).  The  dashed  lines  in  Aa,  Ba  mark  the  border  of  the  thoracic  and 
lumbar  regions.  Arrows  in  Ab,d  and  Bb,d  point  to  peripheral  nerves  innervating  both 
forelimbs  (Ab,  Bb)  and  hindlimbs  (Ad,  Bd).  The  LacZ  staining  pattern  suggests  that  Cre- 
mediated  recombination  occurs  broadly  throughout  the  developing  peripheral  nerves 
when  SCP/NCSCs  are  first  generated.  (C)  Thoracic  sections  from  X-gal  stained  E12.5 
embryos  were  subsequently  stained  with  BLBP  (Ca-Cc),  and  S100  (Cd-Cf)  antibodies. 
Arrows  in  Cf  point  to  a  group  of  SI  00-positive  cells  in  the  peripheral  nerves  in  the 
thoracic  region  of  E12.5  embryos.  Presence  of  S  100-positive  cells  is  consistent  with  the 
observation  that  nervous  system  development  occurs  earlier  in  thoracic  regions  than 
lumbar  regions.  Scale  bar:  (A,  B),  1  mm;  (C),  50  (im. 

Supplemental  Figure  4.  p75NGFR  expression  is  not  restricted  to  developing  peripheral 
nervous  system. 

Double  immunofluorescence  was  performed  with  antibodies  against  Tujl  and  P75NGFR 
(A,  C,  E)  or  Tujl  and  BLBP  (B,  D,  F)  on  lumbar  sections  from  E12.5  embryos.  Tujl  and 
BLBP  staining  are  both  restricted  to  developing  peripheral  nerves,  but  p75NGFR  staining 
also  can  be  seen  in  non-neural  tissue  (arrows).  Scale  bar:  50  (im. 

Supplemental  figure  5.  Immunohistochemical  analysis  of  neurofibromas  in  sciatic 
nerves. 

Sciatic  nerves  from  mutant  mice  harboring  neurofibromas  were  sectioned  and  stained 
with  anti-SlOO  and  anti-p75NGFR  antibodies.  The  expression  levels  of  S100  and  p75NGFR 
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are  variable  in  neurofibromas.  Some  tumors  have  high  levels  of  S100  and  p75NGFR 
expression  (A  and  E,  B  and  F)  while  other  tumors  have  relatively  lower  expression  levels 
(C  and  G,  D  and  H).  Furthermore,  there  is  variation  in  expression  level  of  these  markers 
between  cells  within  the  same  neurofibroma  (A  and  E,  C  and  G,  D  and  H),  indicating 
heterogeneous  nature  of  these  tumors.  The  dashed  lines  (D  and  H)  mark  the  border  of 
hyperplasia  and  neurofibroma.  Scale  bar:  50  (tm. 

Supplemental  figure  6.  Analysis  of  Krox20-cre-mediated  recombination. 

(A-C)  E12.5  double  transgenic  Krox20-cre/R26R-LacZ  embryos  were  subjected  to  a  X- 
gal  staining  assay.  Cre-mediated  (3-gal  expression  is  restricted  to  cranial  nerves  and 
proximal  parts  of  spinal  nerves  (spinal  roots,  arrows,  B)  in  E12.5  embryos.  Arrows  in  A 
point  to  forelimb  and  hindlimb,  confirming  no  (3-gal  expression  in  distal  parts  of  spinal 
nerves  including  sciatic  nerves.  (D)  Verification  that  Krox20-cre  induces  recombination 
of  the  NF1  flox  allele  only  in  Schwann  cell  containing  tissues.  Genomic  DNAs  were 
extracted  from  adult  NFltlox/+;Krox20-cre+  mice  and  were  subjected  to  PCR  analysis. 
Lane  1,  forebrain;  lane  2,  brainstem;  lane  3,  cerebellum;  lane  4,  spinal  cord;  lane  5,  lung; 
lane  6,  kidney;  lane  7  liver;  lane  8,  muscle;  lane  9,  skin;  lane  10,  spinal  roots;  lane  11, 
sciatic  nerve;  lane  12,  trigeminal  nerve.  Only  tissues  having  significant  numbers  of 
Schwann  cells  such  as  spinal  roots,  sciatic  nerves  and  trigeminal  nerves  (*lane  10-12) 
have  the  recombined  (Rcre)  flox  allele.  Sciatic  nerves  from  Krox20-cre/R26R-LacZ  (E) 
and  P0A-cre/R26R-LacZ  (F)  double  transgenic  mice  at  ages  of  12  months  were  sectioned 
and  stained  with  a  X-gal  staining  assay.  No  significant  difference  in  (3-gal  staining  was 
observed  in  sciatic  nerves  between  these  two  Cre  transgenic  strains.  Scale  bar:  (A-C),  1 
mm;  (E,  F),  50  (tm. 

Supplemental  figure  7.  Summary  statistics  of  electron  microscopic  quantification  of  P22 
and  P90  sciatic  nerves. 

(A)  Quantification  of  the  numbers  of  mSCs  and  nmSCs  per  surface  area  (1,000  (tm2)  in 
P22  control  and  mutant  sciatic  nerves.  (B)  The  numbers  of  Remak  bundles  per  surface 
area  (1,000  (tm')  in  control  and  mutant  P22  sciatic  nerves  were  categorized  into  five 
groups  based  upon  the  number  of  axons  that  they  ensheathed.  Mean  and  95%  confidence 
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intervals  are  generated  from  summary  statistics.  P-values  are  generated  using  linear 
mixed  models.  (C)  Distribution  of  endoneurial  cell  types  in  P90  control  and  mutant 
sciatic  nerves.  Pooled  nmSC  represent  combined  putative  nmSC-lineage  cells,  including 
anmSC  and  dSC.  Mean  and  95%  confidence  intervals  are  generated  from  summary 
statistics.  P-values  are  generated  using  linear  mixed  models.  Note  that  the  majority  of 
cell  types  in  both  mutant  and  control  are  in  the  Schwann  cell  lineage.  Three  cell  types  or 
tissues  including  mast  cells,  macrophages,  and  blood  vessels  were  labeled  with  asterisks 
(*)  because  the  number  of  these  cells  in  cross  EM  sections  was  too  few  to  get  any 
significance  between  control  and  mutant  nerves.  (D)  Axonal  distribution  into  Remak 
bundles.  Remak  bundles  analyzed  are  from  the  pooled  nmSC  population  including 
nmSCs,  anmSCs  and  dSCs.  The  numbers  of  axons  per  surface  area  (1,000  pm2)  in  P90 
control  (green)  and  mutant  (red)  sciatic  nerves  were  categorized  into  five  groups  based 
upon  the  number  of  axons  within  each  Remak  bundle.  For  mutant  nerves,  the  axon 
number  was  pooled  from  all  three  non-myelinating  Schwann  cell  populations  (nmSCs, 
anmSCs  and  dSCs).  As  compared  to  controls,  axonal  distribution  in  mutant  nerves  is 
shifted  from  Remak  bundles  with  >20  axons  to  Remak  bundles  that  ensheath  <11  axons. 
This  shift  in  distribution  suggests  that  the  Remak  bundles  ensheathing  a  large  number  of 
axons  are  replaced  by  multiple  Remak  bundles  ensheathing  fewer  axons  in  mutant 
nerves.  The  total  number  of  axons  is  slightly  reduced  in  mutant  sciatic  nerves. 

Supplemental  figure  8.  Little  evidence  of  apoptosis  in  P22  and  P90  sciatic  nerves. 

TUNEL  was  performed  on  sections  of  DNase  I  treated  (A),  control  (B)  and  mutant  sciatic 
nerves  (C,  D)  from  P90  mice.  DNase  I  treated  sections  served  as  a  positive  control.  A 
cluster  of  positive  cells  was  detected  in  only  one  of  ten  mutant  nerves  analyzed  (D, 
arrow).  Immunofluorescence  was  performed  with  antibodies  against  cleaved  caspase  3 
on  sectioned  MPNST  (E)  and  P90  control  (F)  and  mutant  sciatic  nerves  (G,  H).  Sections 
from  MPNSTs  served  as  a  positive  control.  (I)  Summary  of  three  independent  methods  to 
detect  apoptotic  cells.  Apoptosis  via  TUNEL  staining  was  below  detection  limit  for  P22 
and  P90  control  nerves,  while  only  a  single  cluster  of  positive  cells  was  detected  in  one 
P90  mutant  nerve.  Cleaved  caspase-3  immunofluorescence  was  not  detected  in  either 
control  or  mutant  nerves.  No  Schwann  cells  that  displayed  apoptotic  morphology  were 
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detected  via  electron  microscopy  in  either  control  or  mutant  nerves.  Together,  this  data 
suggests  that  no  excess  apoptosis  was  observed  in  P22  or  P90  NF1  mutant  nerves.  Scale 
bar:  50  (im. 

Supplemental  figure  9.  NF1  deficiency  leads  to  increased  numbers  of  p75NGFR- 
expressing  cells  during  young  adulthood. 

Sciatic  nerves  from  P90  mice  were  sectioned  and  stained  with  H&E  (A,  B),  anti-SlOO  (C, 
D)  and  anti-  p75NGFR  (E,  F)  antibodies.  There  is  an  appreciable  increase  in  cellularity  in 
the  mutant  nerves  (B)  compared  to  control  nerves  (A).  While  there  is  no  change  in  the 
S100  expression  pattern  (C,  D),  mutant  nerves  (F)  have  increased  numbers  of  p75NGFR 
staining  cells  compared  to  control  nerves  (E).  Together,  this  data  suggests  an  expansion 
of  the  nmSC  lineage  in  mutant  nerves.  Scale  bar:  50  (im. 

Supplemental  figure  10.  NF1  deficiency  leads  to  increased  numbers  of  SoxlO  negative 
cells  during  young  adulthood. 

Immunofluorescence  was  performed  with  antibodies  against  SoxlO  (A,  D,  G,  I),  a  marker 
specific  for  mSCs  in  adult  nerves,  and  counterstained  with  DAPI  (B,  E,  H,  J)  on  P90 
control  and  mutant  sciatic  nerves.  Although  similar  number  of  SoxlO-positive  nuclei  was 
observed  between  control  (C)  and  mutant  nerves  (F),  more  SoxlO-negative  nuclei  were 
identified  in  mutant  nerves.  (K)  Quantification  of  SoxlO  positive  (arrowheads  in  G-J) 
and  negative  (arrows  in  G-J)  nuclei.  Together,  these  data  suggest  that  there  is  no 
expansion  in  the  mSC  lineage.  As  SCs  constitute  the  majority  of  nuclei  in  adult  nerves, 
this  data  also  suggests  that  the  expansion  in  the  nmSC  lineage  accounts  for  cellular 
hyperplasia.  Scale  bar:  50  pm. 

Supplemental  figure  11.  NF1  deficiency  leads  to  increased  numbers  of  GFAP-expressing 
cells  during  young  adulthood. 

Immunofluorescence  was  performed  with  antibodies  against  GFAP  (A,  D,  G,  J)  and 
counterstained  with  DAPI  (B,  E,  H,  K)  on  P90  control  and  mutant  sciatic  nerves.  Mutant 
sciatic  nerves  (F,  L)  have  conspicuously  more  GFAP-positive  cells  than  those  in  controls 
(C,  I),  suggesting  an  expansion  in  the  nmSC  lineage.  Arrows  in  G  to  L  point  to  GFAP- 
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positive  cells  in  control  and  mutant  nerves.  Arrowheads  in  L  point  to  a  cluster  of  GFAP- 
positive  nuclei.  Scale  bar:  50  (im. 

Supplemental  figure  12.  NF1  deficiency  leads  to  increased  numbers  of  p75NGFR- 
expressing  cells  with  focal  loss  of  Tujl -positive  axons  during  young  adulthood. 
Immunofluorescence  was  performed  with  antibodies  against  Tujl  (A,  E,  I,  M),  p75NGFR 
(B,  F,  J,  N),  Tujl/p75NGFR  (Overlay  images,  C,  G,  K,  O)  and  counterstained  with  DAPI 
(D,  H,  L,  P)  on  P90  control  and  mutant  sciatic  nerves.  In  these  5  (im  thin  paraffin 
sections,  most  of  p75NGFR-expression  do  not  overlap  with  axonal  Tujl  staining, 
suggesting  that  the  increased  p75NGFR  expression  in  mutant  nerves  (F,  N)  compared  to 
controls  (B,  J)  was  due  to  cellular  expansion  in  non-myelinating  Schwann  cells.  Arrows 
point  to  p75NGFR-expressing  cells  in  control  (K,  L)  and  mutant  (O,  P)  nerves.  Arrowheads 
in  O  and  P  point  to  clusters  of  p75NGFR-positive  nuclei.  The  dashed  lines  in  M  to  P  mark 
the  area  in  mutant  nerves  with  focal  increase  in  p75NGFR-positive  cells  that  was 
accompanied  by  focal  loss  of  Tujl  staining.  Scale  bar:  50  |im. 

Supplemental  figure  13.  NF1  deficiency  leads  to  increase  in  mast  cell  infiltration  into  the 
sciatic  nerve  during  young  adulthood. 

Sciatic  nerves  from  P22  and  P90  control  and  mutant  mice  were  sectioned  and  H&E 
stained.  Mast  cells  were  identified  by  their  distinct  morphology  with  hematoxylin  stained 
granulation.  The  number  of  mast  cells  was  quantified  and  normalized  by  surface  area. 
While  mast  cells  have  not  yet  infiltrated  into  nerves  at  P22,  there  is  over  a  2.5  fold 
increase  in  mast  cells  in  the  P90  mutant  nerves  as  compared  to  control  nerves.  ***P  < 
0.001. 

Supplemental  figure  14.  Ultrastructural  analysis  of  neurofibroma. 

Electron  micrographs  show  control  nerves  (A,  D),  hyperplastic  lesions  (B,  E),  and 
neurofibromas  (C,  F)  of  mutant  sciatic  nerves.  Arrows  in  E,  F  point  to  abnormal  cells 
completely  unassociated  with  axons  (Ax).  *,  denoting  degenerating  axons.  Very  few 
normal  non-myelinating  Schwann  cells  were  observed  in  neurofibromas,  which  is 
consistent  with  the  observation  that  degeneration  of  this  cell  lineage  was  detected  at  the 
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initiation  stage  of  neurofibroma  formation.  (G,  H)  Two  examples  of  unassociated 
Schwann  cells  (uSCs)  with  continuous  basal  lamina  (arrows).  (I)  A  perineurial-like  cell 
lacking  a  continuous  basal  lamina  and  surrounds  axons  in  a  concentric  fashion.  Scale  bar: 
1  (im. 

Supplemental  figure  15.  Expansion  of  NF1  deficient  cells  in  aged  mutant  sciatic  nerves. 
The  R26R-LacZ  allele  was  introduced  to  the  control  and  mutant  mice.  Sciatic  nerves 
from  aged  mice  were  sectioned  and  stained  with  X-gal.  The  population  of  X-gal  positive 
cells  has  greatly  expanded  while  X-gal  negative  tissue  has  remained  constant  or  has 
reduced.  This  suggests  that  NF1  deficient  cells  have  a  growth  advantage  and 
continuously  expand  during  neurofibroma  progression.  Scale  bar:  50  (im. 

Supplemental  figure  16.  We  propose  a  two-step  model  for  neurofibroma  formation.  At 
the  initiation  phase,  NF1  inactivation  in  fetal  stem/progenitor  cells  (SCP/NCSCs)  during 
development  leads  to  abnormally  differentiated  Remak  bundles  with  the  “pocket  defect”, 
which  are  characterized  by  presence  of  poorly  segregated  axons  and/or  ectopic 
myelination.  Schwann  cells  and  axons  in  these  abnormal  Remak  bundles  are  unstable  and 
progressively  lose  contact,  leading  to  axonal  degeneration  and  generation  of  dissociated 
Schwann  cells  (dSCs)  and  unassociated  Schwann  cells  (uSCs).  The  presence  of  these 
abnormal  cells  and  axonal  degeneration  elicit  an  inflammatory  response  characterized  by 
infiltration  of  mast  cells,  creating  a  permissive  condition  for  expansion  of  dSCs  and 
uSCs.  Neurofibroma  progression  involves  further  expansion  of  dSCs  and  uSCs  as  well  as 
the  subsequent  degeneration  of  myelinated  axon-Schwann  cell  units.  Black  dot,  collagen 
fiber;  blue  star  and  dot,  mast  cells;  black  circle,  myelinating  Schwann  cells;  red  dot, 
dissociating/unassociated  Schwann  cells;  green  dot,  fibroblasts;  *,  demyelination. 
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Schwann  cell  development  and  the  expression  pattern  of  POA  and  Krox20  promoters 
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SUMMARY 

Neurofibromatosis  is  caused  by  the  loss  of  neurofibromin  (Nfl),  leading  to  peripheral  nervous  system  (PNS) 
tumors,  including  neurofibromas  and  malignant  peripheral  nerve  sheath  tumors  (MPNSTs).  A  long-standing 
question  has  been  whether  these  tumors  arise  from  neural  crest  stem  cells  (NCSCs)  or  differentiated  glia. 
Germline  or  conditional  Nfl  deficiency  caused  a  transient  increase  in  NCSC  frequency  and  self-renewal  in 
most  regions  of  the  fetal  PNS.  However,  Nfl  -deficient  NCSCs  did  not  persist  postnatally  in  regions  of  the 
PNS  that  developed  tumors  and  could  not  form  tumors  upon  transplantation  into  adult  nerves.  Adult  POa- 
Cre+Nf11u  mice  developed  neurofibromas,  and  Nf1+/  Ink4a/Arf  '  and  Nf1/p53+/  mice  developed  MPNSTs, 
but  NCSCs  did  not  persist  postnatally  in  affected  locations  in  these  mice.  Tumors  appeared  to  arise  from 
differentiated  glia,  not  NCSCs. 


INTRODUCTION 

Neurofibromatosis  type  1  is  among  the  most  prevalent  disorders 
of  the  nervous  system  and  is  characterized  by  the  formation  of 
tumors  throughout  the  PNS.  It  is  an  autosomal  dominant  disor¬ 
der  caused  by  mutations  in  the  neurofibromin  (Nfl)  tumor 
suppressor,  which  encodes  a  GTPase  activating  protein  that 
negatively  regulates  Ras  signaling  (Rubin  and  Gutmann,  2005). 
Patients  typically  inherit  one  Nfl  mutant  allele  in  the  germline, 
and  somatic  mutations  inactivate  the  other  allele  in  cells  that 
go  on  to  form  tumors.  Tumors  include  discrete  dermal  neurofi¬ 
bromas  that  are  associated  with  individual  nerves  as  well  as 
larger  plexiform  neurofibromas  that  arise  from  dorsal  root  gan¬ 
glia  (DRGs),  spinal  nerve  roots,  or  nerve  plexuses  (Riccardi, 
1999).  In  addition  to  these  benign  tumors,  neurofibromatosis 
patients  can  also  develop  MPNSTs,  which  often  bear  additional 


mutations  in  p53  and/or  Ink4a/Arf  (Agesen  et  al.,  2005;  Menon 
et  al.,  1990;  Perrone  et  al.,  2003).  Neurofibromas  and  MPNSTs 
contain  a  mixture  of  normal  and  neoplastic  cells  including  hyper- 
proliferative  Schwann  cells  as  well  as  fibroblasts  and  other  nerve 
components  in  addition  to  inflammatory  cells. 

A  long-standing  question  relates  to  the  cell  of  origin  for  neuro¬ 
fibromas  and  MPNSTs.  Schwann  cells  are  the  most  prevalent  cell 
type  in  these  tumors  and  have  bialleleic  Nfl  mutations  (Rubin  and 
Gutmann,  2005).  This  suggests  that  these  tumors  arise  from 
Schwann  cells  or  their  progenitors.  Nonetheless,  important  ques¬ 
tions  remain  regarding  the  stage  of  Schwann  cell  development 
that  is  rendered  tumorigenic  by  Nfl  deficiency.  Mature  Schwann 
cells  fail  to  become  hyperproliferative  upon  Nfl  deletion  or  Ras 
activation  (Kim  et  al.,  1995).  In  contrast,  conditional  deletion  of 
Nfl  from  fetal  nerve  progenitors  using  Krox20-Cre  leads  to  plex¬ 
iform  neurofibromas  in  spinal  nerve  roots  (Zhu  et  al.,  2002). 


SIGNIFICANCE 

Cancers  are  often  proposed  to  arise  from  stem  cells  that  have  been  transformed  by  mutations  that  inappropriately  activate 
self-renewal  mechanisms.  Neurofibromas  and  MPNSTs  arise  from  neural  crest-derived  cells  and  sometimes  arise  congen¬ 
itally,  raising  the  question  of  whether  they  arise  from  NCSCs.  We  found  that  Nfl  transiently  inhibits  the  expansion  of  NCSCs 
during  midgestation  but  that  Nfl -deficient  NCSCs  appear  to  acquire  normal  differentiated  fates,  do  not  become  tumori¬ 
genic,  and  do  not  persist  postnatally.  Instead,  MPNSTs  and  plexiform  neurofibromas  appeared  to  arise  from  differentiated 
glia  that  began  proliferating  inappropriately  postnatally  or  during  adulthood.  Cancer  and  benign  tumors  in  the  PNS  can, 
therefore,  arise  from  differentiated  glia. 
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Krox20  is  expressed  by  nerve  NCSCs  (T.  IwashitaandS.J.M.,  un¬ 
published  data)  in  addition  to  Schwann  cells  and  their  committed 
progenitors  (Topilko  et  al.,  1994;  Zhu  et  al.,  2002).  Fate  mapping 
of  Krox20-Cre  expressing  cells  demonstrates  that  these  cells 
undergo  multilineage  differentiation  in  DRGs  (Maro  et  al.,  2004; 
Zhu  et  al.,  2002).  These  observations  raise  the  question  of 
whether  neurofibromas  and  MPNSTs  arise  from  NCSCs  or  from 
differentiated  Schwann  cells. 

The  neural  crest  is  a  heterogeneous  population  of  progenitors 
that  migrates  from  the  dorsal  neural  tube  in  early  to  midgestation 
and  gives  rise  to  the  neurons  and  glia  of  the  PNS.  NCSCs  are  a 
subset  of  neural  crest  cells  and  are  defined  by  the  ability  of 
individual  cells  to  self-renew  and  to  undergo  multilineage  differ¬ 
entiation  into  neurons,  glia,  and  myofibroblasts  (Morrison  et  al., 
1999;  Stemple  and  Anderson,  1992).  Postmigratory  NCSCs 
have  been  found  in  all  regions  of  the  fetal  PNS  including  periph¬ 
eral  nerves,  sympathetic  chain,  DRGs,  and  gut  (enteric  nervous 
system)  (Bixby  et  al.,  2002;  Morrison  et  al.,  1999).  In  peripheral 
nerves,  NCSCs  give  rise  to  myelinating  and  nonmyelinating 
Schwann  cells  as  well  as  endoneurial  fibroblasts  (Joseph  et  al., 
2004),  cell  types  that  are  present  in  neurofibromas. 

NCSCs  persist  throughout  adult  life  in  the  gut  (Kruger  et  al., 
2002).  However,  in  other  regions  of  the  PNS,  including  those 
that  develop  neurofibromas,  NCSCs  terminally  differentiate  by 
late  gestation  and  cannot  be  detected  postnatally  (Kruger  et  al., 
2002).  Nonetheless,  NCSCs  could  still  be  rendered  tumorigenic 
by  Nfl  mutations  as  plexiform  neurofibromas  and  MPNSTs  can 
arise  from  mutations  that  occur  during  fetal  development. 
Some  tumors  are  even  evident  in  patients  at  birth  (Rubin  and 
Gutmann,  2005).  Other  tumors  develop  around  puberty  or  during 
adulthood.  Thus,  if  NCSCs  are  rendered  tumorigenic  by  Nfl 
deficiency,  then  deletion  of  Nfl  from  fetal  NCSCs  should  lead 
to  a  sustained  expansion  of  these  cells,  and  their  postnatal  per¬ 
sistence,  such  that  they  can  give  rise  to  neonatal  or  adult  tumors. 

Many  cancers  appear  to  arise  from  mutations  that  transform 
normal  stem  cells  by  inappropriately  activating  self-renewal 
pathways  (Pardal  et  al.,  2003;  Reya  et  al.,  2001).  Nfl  inhibits 
the  proliferation,  survival,  and  glial  differentiation  of  CNS  stem 
cells  (Dasgupta  and  Gutmann,  2005)  and  the  proliferation  of 
CNS  glial  progenitors  (Zhu  et  al.,  2005b).  These  effects  of  Nfl 
on  CNS  stem  cells  and  glial  progenitors  appear  to  explain  the 
astrocytomas  that  arise  in  neurofibromatosis  patients  (Zhu 
et  al.,  2005a).  Although  PNS  tumors  are  more  common  than 
CNS  tumors  in  neurofibromatosis,  the  origin  of  PNS  tumors 
remains  unknown. 

We  found  that  Nfl -deficient  NCSCs  from  fetal  DRGs,  sciatic 
nerves,  and  sympathetic  ganglia  exhibited  increased  frequency, 
proliferation,  self-renewal,  and  gliogenesis.  To  test  whether  these 
effects  were  sustained,  we  examined  mice  in  which  Nfl  was 
conditionally  deleted  from  the  PNS  using  Wntl-Cre,  POa-Cre, 
or  3. 9Periostin-Cre.  We  did  not  detect  the  persistence  of  Nfl  -de¬ 
ficient  NCSCs  in  the  postnatal  DRG,  sciatic  nerve,  or  sympathetic 
ganglia  and  NCSCs  in  the  postnatal  gut  were  not  affected  by  Nfl 
deficiency.  Yet  P0a-Cre+Nf1w~  mice  developed  plexiform  neuro¬ 
fibromas  from  adult  nerves  (Zheng  et  al.,  2008  [this  issue  of  Can¬ 
cer  Cell]).  NCSCs  also  did  not  persist  postnatally  in  the  DRGs, 
sciatic  nerves,  trigeminal  nerve,  brachial  plexus,  or  sympathetic 
ganglia  of  Nf1/p53+/  mice  or  Nf1+,^lnk4a/Arf^'  mice.  Yet,  these 
mice  developed  MPNSTs  as  adults.  NCSCs  are,  therefore,  not 


rendered  tumorigenic  by  Nfl  deficiency.  Instead,  plexiform  neu¬ 
rofibromas  and  MPNSTs  appear  to  arise  from  differentiated  glia. 

RESULTS 

Nfl  Regulates  NCSC  Frequency  throughout 
Much  of  the  Developing  PNS 

Germline  Nfl  embryos  die  from  a  cardiac  defect  by  embryonic 
day  (E)1 4.5  (Brannan  et  al.,  1 994;  Jacks  et  al.,  1 994).  Therefore,  to 
test  whether  Nfl  regulates  NCSC  function,  we  cultured  NCSCs 
from  various  regions  of  the  PNS  from  El  3  Nf1_/~  embryos  and 
littermate  controls.  NCSC  frequency  was  assessed  as  the 
percentage  of  cells  from  each  region  of  the  PNS  that  could 
form  self-renewing  neurospheres  that  underwent  multilineage 
differentiation  (Iwashita  et  al.,  2003;  Molofsky  et  al.,  2005)  (see 
Figure  SI  available  with  this  article  online).  The  sympathetic 
chain,  DRG,  and  sciatic  nerve  from  Nfl  embryos  contained 
a  significantly  higher  percentage  of  cells  (3-  to  6-fold  higher; 
p  <  0.05)  that  formed  multipotent  neurospheres  in  culture  com¬ 
pared  to  littermate  controls  (Figures  1A-1C).  In  contrast,  Nfl- 
deficiency  did  not  increase  the  frequency  of  gut  cells  that  formed 
multipotent  neurospheres.  This  suggests  that  Nfl  negatively 
regulates  the  frequency  of  NCSCs  from  many,  but  not  all,  PNS 
regions. 

To  test  whether  the  increased  frequency  of  Nf1^'~  NCSC  col¬ 
onies  was  attributable  to  an  increased  frequency  of  NCSCs 
in  vivo  or  increased  survival  by  NCSCs  in  culture,  we  assayed  the 
frequency  of  p75+rx4+  cells  among  uncultured  DRG,  sciatic  nerve, 
sympathetic  chain,  and  gut  cells  by  flow-cytometry.  p75+a4+ 
cells  from  the  fetal  PNS  are  enriched  for  NCSCs  (Iwashita  et  al., 
2003;  Molofsky  et  al.,  2005).  Freshly  dissociated  Nf1~'~  DRG, 
sciatic  nerve,  and  sympathetic  chain  all  had  significantly  (p  < 
0.05)  higher  frequencies  of  p75+oc4+  cells  (Figures  1 A-1 C).  In  con¬ 
trast,  we  did  not  observe  a  significantly  higher  frequency  of 
p75+a4+  cells  in  the  gut  of  Nf1~f~  mice  (Figure  1 D).  These  data 
suggest  that  NCSC  frequency  is  increased  in  vivo  at  El  3  by 
Nfl  deficiency. 

Nfl  Regionally  Regulates  NCSC  Proliferation 
and  Self-Renewal  in  the  Developing  PNS 

In  PNS  regions  where  Nfl  negatively  regulated  NCSC  frequency, 
Nfl  also  negatively  regulated  proliferation  from  NCSCs  in  cul¬ 
ture.  Multipotent  neurospheres  formed  by  NCSCs  from  DRG, 
sciatic  nerve,  and  sympathetic  chain  were  significantly  larger  in 
the  absence  of  Nfl  (Figures  1A-1C).  All  cultures  were  initiated 
with  very  low  densities  of  cells  (1000  to  5000  cells  per  35  mm 
dish  forming  up  to  30  neurospheres  per  dish)  so  as  to  minimize 
fusion  between  neurospheres.  To  ensure  that  the  increased 
size  of  colonies  reflected  increased  proliferation  by  Nfl 
NCSCs,  we  also  cultured  these  cells  adherently.  Adherent  multi¬ 
lineage  colonies  cultured  at  clonal  density  from  DRG  and  sympa¬ 
thetic  chain  were  also  significantly  larger  in  the  absence  of  Nfl 
(Figure  S2).  Increased  proliferation  contributed  to  the  increased 
size  of  NCSC  colonies  in  the  absence  of  Nfl  as  we  detected 
a  significantly  increased  rate  of  BrdU  incorporation  into  Nf1~'~ 
colonies  but  no  decrease  in  the  frequency  of  cells  undergoing 
cell  death  (Figure  S2I).  In  contrast,  adherent  NCSC  colonies 
cultured  from  the  gut  were  not  significantly  larger  nor  did  they 
exhibit  an  increased  rate  of  BrdU  incorporation  (Figure  S2I). 
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Figure  1 .  Nfl  Negatively  Regulates  the  Frequency,  Proliferation,  and 
Self  Renewal  of  NCSCs  in  Most  Regions  of  the  Fetal  PNS 

DRG  (A),  sciatic  nerve  (B),  sympathetic  chain  (C),  and  gut  (D)  were  dissected 
from  El  3  Nf1+/+,  Nf1+/~,  and  Nf1~;~  mouse  embryos.  Dissociated  cells  were 
plated  into  nonadherent  cultures  at  low  density  (1000  to  2500  cells/35  m  well 
for  most  tissues;  5000  for  DRG).  Neurospheres  were  cultured  non-adherently 
for  10  days,  followed  by  4  days  in  adherent  cultures  before  being  stained  for 
neurons,  glia,  and  myofibroblasts.  Typical  neurospheres  are  shown  along 
with  the  percentage  of  freshly  dissociated  cells  that  formed  neurospheres 
that  underwent  multilineage  differentiation  (nsph  freq),  the  diameter  of  these 
neurospheres,  and  the  number  of  multipotent  secondary  neurospheres 
generated  per  primary  neurosphere  upon  subcloning  (self-renewal)  (*p  < 
0.05  versus  wild-type;  #p  <  0.05  versus  heterozygous).  The  scale  bar 
(100  jim)  in  (A)  applies  to  all  panels.  The  frequency  of  p75+a4+  cells  among 
freshly  dissociated  cells  was  significantly  increased  in  DRG  (A),  sciatic  nerve 
(B),  and  sympathetic  chain  (C),  but  not  gut  (D).  Culture  data  represent  8  to  12 
experiments  and  flow-cytometry  data  represent  4  to  7  experiments  per  tissue. 
All  statistics  are  mean  ±  SD. 


To  test  whether  the  increased  proliferation  of  NCSCs  also 
reflected  increased  self-renewal,  we  dissociated  primary  neuro¬ 
spheres  and  subcloned  them  into  secondary  cultures  to  deter¬ 
mine  the  number  of  multipotent  daughter  neurospheres  that 
arose  per  primary  neurosphere.  Secondary  neurospheres  were 
always  differentiated  to  assess  multipotency  (Figure  SI).  When 
cultured  from  the  DRG,  nerve,  or  sympathetic  chain,  Nf1~'~ 
neurospheres  gave  rise  to  4  to  10  times  as  many  multipotent 
daughter  neurospheres  as  compared  to  control  neurospheres 
(Figures  1A-1C).  In  contrast,  we  detected  no  increase  in  self-re¬ 
newal  by  Nf1~'~  gut  neurospheres  (Figure  ID).  Nfl  negatively 


regulates  NCSC  self-renewal  in  most  regions  of  the  develop¬ 
ing  PNS. 

Increased  Ras  Signaling,  Gliogenesis,  and  Growth 
Factor  Sensitivity  by  Nf  1  -Deficient  NCSCs 

Nf1~'~  cells  exhibit  increased  sensitivity  to  growth  factors  that 
signal  through  the  Ras  pathway  (Vogel  et  al.,  1995).  To  test 
whether  this  was  the  case  in  NCSCs,  we  cultured  NCSCs  from 
the  gut,  sciatic  nerve,  DRG,  and  sympathetic  chain  of  El  3 
Nf1~'~  and  littermate  control  embryos.  Western  blot  demon¬ 
strated  increased  phosphorylated  Erk  (pErk)  in  the  Nf1~'~  colo¬ 
nies,  consistent  with  increased  Ras  signaling  in  these  cells  (Fig¬ 
ure  2A).  Gut  neural  crest  cells  also  exhibited  increased  pErk  in 
the  absence  of  Nfl  (Figure  2A)  despite  the  fact  that  these  cells 
did  not  exhibit  increased  proliferation.  The  increased  Ras  signal¬ 
ing  by  Nf1~'~  NCSCs  suggests  that  these  cells  may  exhibit 
increased  responses  to  growth  factors  that  signal  through  Ras, 
including  factors  that  regulate  survival,  like  FGF2,  and  gliogene¬ 
sis,  like  Neuregulin  (Nrgl).  Indeed,  addition  of  a  short  pulse  of 
Nrgl  to  NCSC  cultures  increased  pErk  levels  in  wild-type  cells 
and  further  increased  the  elevated  levels  observed  in  Nfl  cells 
(Figure  2B). 

To  test  whether  Nfl -deficiency  affected  the  differentiation  of 
NCSCs,  we  cultured  neurospheres  from  El  3  Nf1~'~  and  control 
littermate  embryos,  then  replated  them  in  adherent  cultures  and 
stained  the  colonies  for  neurons,  glia,  and  myofibroblasts.  Multi¬ 
potent  Nf1~'~  colonies  exhibited  much  more  exuberant  gliogen¬ 
esis  (Figures  2E  and  2H)  as  compared  to  control  colonies  (Fig¬ 
ures  2C,  2D,  2F,  and  2G).  These  colonies  exhibited  a  dramatic 
increase  in  the  absolute  numbers  of  glia  per  colony  without  ex¬ 
hibiting  decreases  in  the  numbers  of  neurons  or  myofibroblasts 
per  colony  (data  not  shown).  Similar  results  were  obtained  with 
nerve  NCSCs,  but  we  did  not  generally  observe  increased  glio¬ 
genesis  by  cultured  gut  NCSCs  (data  not  shown).  This  indicates 
that  Nfl  negatively  regulates  gliogenesis  from  NCSCs,  though 
we  do  not  know  whether  this  reflects  effects  on  glial  lineage 
determination,  proliferation,  or  survival. 

Nfl  NCSCs  also  survived  under  adverse  culture  conditions 
in  which  FGF2  and  chick  embryo  extract  concentrations  were 
reduced  to  levels  that  were  non-permissive  for  the  survival  of 
wild-type  NCSCs.  Nf1+/+  and  Nf1+/  sympathetic  chain  or  DRG 
progenitors  formed  only  rare  colonies  that  contained  small 
numbers  of  myofibroblasts  in  this  medium,  while  Nf1~'~  cells 
formed  multilineage  colonies  (Figure  2),  albeit  at  a  reduced  fre¬ 
quency  as  compared  to  standard  medium  (Figures  2L  and  2M; 
*p  <  0.05). 

Afft-Deficient  NCSCs  Do  Not  Persist 
Postnatally  outside  of  the  Gut 

T o  test  whether  Nfl  deficiency  leads  to  an  ongoing  postnatal  ex¬ 
pansion  of  NCSCs,  we  conditionally  deleted  Nfl  from  neural 
crest  cells  by  crossing  Wntl-Cre  mice  (Danielian  et  al.,  1998) 
with  Nf1fl  mice  (Zhu  et  al.,  2001).  Wnt1-Cre+Nf1w~  mice  die 
at  birth  (Gitler  et  al..  2003),  so  cells  were  cultured  from  El 7 
to  El  9  embryos.  We  were  never  able  to  culture  multilineage 
NCSC  colonies  from  the  sciatic  nerve  or  DRG  of  Wntl- 
Cre+Nf1w~  embryos  or  controls  (Table  1).  We  were  able  to  cul¬ 
ture  rare  NCSC  colonies  from  the  sympathetic  chain  and  gut  of 
Wnt1-Cre+ A/T7 fl/  embryos  and  littermate  controls,  though  their 
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Figure  2.  Nfl -Deficient  NCSCs  Exhibit  Increased  Ras  Signaling,  In¬ 
creased  Gliogenesis,  and  Increased  Survival  in  Low  Growth  Factor 
Cultures 

(A)  Cell  lysates  from  Nfl*'*  and  Nfl  neurospheres  were  analyzed  for  NF1 
and  phosphorylated  Erk  42/44  (pErk)  protein  levels.  (B)  When  Nfl*'*  and 
Nf1~'~  NCSC  cultures  from  sympathetic  chain  were  pulsed  with  Nrg-1,  pErk 
levels  increased  in  both  Nfl +/+  and  Nf1~'~  cells,  but  were  highest  in  Nfl  ' 
cells.  NCSCs  cultured  from  E13  Nfl*'*,  Nf1*'~,  and  Nf1~'-  DRGs  (C-E)  and 
sympathetic  chain  (F-H)  underwent  multilineage  differentiation,  forming  pe- 
ripherin+  neurons,  GFAP+  glia,  and  SMA+  myofibroblasts.  More  gliogenesis 
(red)  was  observed  from  Nf1~'-  NCSCs  from  DRG  (E)  and  sympathetic  chain 
(FI).  Nfl*'*  and  Nf1+r  cells  from  sympathetic  chain  (l-J  and  L)  and  DRG  (M) 
failed  to  form  multilineage  colonies  in  low  growth  factor  cultures  (LGF),  while 
Nf1~'-  cells  continued  to  do  so  ([K];  SMA+  myofibroblasts  were  present  in 


Table  1.  Nfl  Deficiency  Does  Not  Lead  to  the  Persistence  of 
Expanded  Numbers  of  NCSCs  into  Late  Gestation  or  Postnataily 

El  7  to  E19 

Cells  that  Formed  Multipotent  Neurospheres 

Littermate  Controls 

Wnt1-Cre+Nf1fl/- 

DRG 

0  ±  0% 

0  ±  0% 

Sciatic  nerve 

0  ±  0% 

0  ±  0% 

Sympathetic  chain 

0.03  ±  0.03% 

0.05  ±  0.04% 

Gut 

0.08  ±0.10% 

0.08  ±0.10% 

P30 to  P60 

Cells  that  Formed  Multipotent  Neurospheres 

Littermate  Controls 

3. 9Periostln-Cre*Nff"- 

DRG 

0  ±  0% 

0  ±  0% 

Sciatic  nerve 

0  ±  0% 

0  ±  0% 

Sympathetic  chain 

0  ±  0% 

0  ±  0% 

Gut 

0.8  ±  0.6% 

1.1  ±  0.8% 

Tissues  were  dissected,  dissociated,  and  added  to  nonadherent  cultures. 
Neurospheres  were  replated  to  test  multilineage  differentiation  into  neu¬ 
rons,  glia,  and  myofibroblasts.  We  were  unable  to  detect  NCSCs  from  the 
DRGs,  sciatic  nerves,  or  sympathetic  chain  of  young  adult  (P30  to  P60) 
3.9Periostin-Cre+Nff"-  mice  or  littermate  controls.  All  data  represent 
mean  ±  SD  for  3  to  5  independent  experiments  per  PNS  region. 


frequency  was  similar  in  Nf1+,+  and  Nf1~'~  embryos  (Table  1). 
The  expansion  of  Nf1~'~  NCSCs  at  El  3  does  not  lead  to  the 
inappropriate  expansion  or  persistence  of  Nfl  ~/_  NCSCs  at  later 
stages  of  development. 

To  test  when  A/f 7  /—  NCSCs  are  lost  from  the  developing  PNS, 
we  analyzed  Wnt1-Cre+Nf1w~  embryos  and  littermate  controls  at 
E13,  E15,  and  El  7—1 9.  Like  germline  Nfl -deficient  mice  (Fig¬ 
ure  1),  we  observed  increased  NCSC  frequencies  in  El  3  Wntl- 
Cre+Nf1w  embryos  as  compared  to  littermate  controls  in  the 
sympathetic  chain,  sciatic  nerve,  and  DRG,  but  not  in  the  gut 
(Figures  S3A-S3D).  Nonetheless,  the  frequency  of  A/f7 -deficient 
NCSCs  declined  in  all  regions  of  the  PNS  by  El  5  and  declined 
further  by  El  7.  By  El  7-1 9,  Nfl -deficient  multipotent  neuro¬ 
spheres  could  only  be  detected  in  the  sympathetic  chain  and 
gut  and  did  not  differ  in  frequency  as  compared  to  littermate  con¬ 
trols.  We  confirmed  that  Nfl  was  efficiently  deleted  from  NCSCs 
in  these  experiments  by  genotyping  individual  neurospheres 
cultured  from  the  sympathetic  chain,  sciatic  nerve,  DRG,  and 
gut  of  El  3  Wnt1-Cre+Nf1w~  embryos:  all  of  the  25  neurospheres 
exhibited  deletion  of  the  Nf1fl  allele  (Figure  S3PI).  These  data  sug¬ 
gest  that  A/f7 -deficient  NCSCs  differentiate  during  late  gestation 
according  to  a  similar  time  course  as  wild-type  NCSCs. 

To  independently  test  whether  Nfl  deficiency  leads  to  the 
postnatal  persistence  of  NCSCs,  we  generated  3.9Periostin- 
Cre+Nf1n/ ~  mice.  3.9Periostin-Cre  conditionally  deletes  through¬ 
out  the  Schwann  cell  lineage  after  El  1 ,  at  a  later  stage  of  devel¬ 
opment  than  Wntl-Cre  (Lindsley  et  al.,  2007).  We  also  observed 
an  increase  in  the  frequency  of  NCSCs  within  the  sympathetic 
chain  and  sciatic  nerve,  but  not  the  gut,  of  El  5  3.9Periostin- 
Cre+Nf1w~  mice  as  compared  to  littermate  controls  (Figures 


this  colony  outside  of  the  field  of  view)  ([L  and  M];  *p  <  0.05  versus  control  cul¬ 
tures).  Brightfield  (peripherin)  and  fluorescence  (GFAP,  SMA)  images  always 
represent  the  same  field  of  view  within  a  single  colony.  The  scale  bar  (100 
(im)  in  (C)  applies  to  all  panels.  Data  represent  3-5  independent  experiments 
and  error  bars  represent  SD. 
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Figure  3.  Adult  P0aCre+Nf1fl/  Mice  Devel¬ 
oped  Plexiform  Neurofibromas  but  NCSCs 
Appeared  to  Differentiate  Normally  and  Did 
Not  Persist  Postnatally 

P0aCre+  Nfl -deficient  mice  developed  plexiform 
neurofibromas  in  adult  peripheral  nerves  (B)  and 
DRGs  (D),  marked  by  increased  cellularity  and  dis¬ 
organization  relative  to  control  nerves  (A)  and 
DRGs  (C).  Neurofibromas  also  exhibited  increased 
p75  (F)  staining  relative  to  control  nerves  (E).  Multi- 
potent  neurospheres  arose  from  control  and 
P0aCre+  Nfl  -deficient  gut,  but  not  from  other  re¬ 
gions  of  the  adult  PNS  (G).  Neural  crest  progeni¬ 
tors  in  developing  nerves  were  fate-mapped  by 
staining  sciatic  nerves  from  postnatal  day  20 
POaCre*  Nfl fl,*R26R  (H  and  I),  POaCre+Nfl'"- 
R26R  (J  and  K),  and  POaCre  Nf1m~R26R  (L  and 
M)  pups  with  bluo-gal  (Joseph  et  al.,  2004).  We 
detected  no  defects  in  nerve  development  in  Nfl 
mutant  mice.  A  similar  percentage  of  endoneurial 
fibroblasts  (green  arrows)  as  well  as  myelinating 
(red  arrows)  and  nonmyelinating  (blue  arrows) 
Schwann  cells  were  bluo-gal+  in  P0aCre+Nf1fl/~ 
R26R  nerves  as  compared  to  littermate  controls 
(N).  No  bluo-gal  staining  was  observed  in 
P0aCre~Nf1fl/~R26R  negative  control  nerves  (L 
and  M).  The  scale  bar  (100  (im)  in  (A)  applies 
to  panels  (A)-(F).  Scale  bars  in  (H)-(M)  equal 
2.5  (.im.  (n  =  3-6  mice/genotype  for  [A]-[G]  and 
2  mice/genotype  for  [H]-[N]).  All  statistics  are 
mean  ±  SD. 


S3E-S3G).  Genotyping  of  individual  neurospheres  showed 
that  Nfl  was  efficiently  deleted  from  these  cells:  30  out  of  30 
neurospheres  exhibited  deletion  of  the  Nf1fl  allele  (data  not 
shown). 

Most  3.9Periostin-Cre*Nf1n/~  mice  died  by  4  weeks  after 
birth.  Of  32  expected  3.9Periostin-Cre*Nf1n/-  mice,  only  6  sur¬ 
vived  more  than  4  weeks  after  birth.  In  these  surviving  mice, 
NCSCs  did  not  persist  into  adulthood  in  sciatic  nerve,  DRG,  or 
sympathetic  chain  in  either  3.9Periostin-Cre*Nf1w  mice  or  lit¬ 
termate  controls  (Table  1).  As  expected,  NCSCs  did  persist 
postnatally  in  the  guts  of  3.9Periostin-Cre*Nf1w~  mice  and  litter¬ 
mate  controls,  but  there  was  no  difference  in  the  frequency  of 
gut  NCSCs  in  these  mice  (Table  1).  Genotyping  of  individual 
neurospheres  cultured  from  the  guts  of  adult  3.9Periostin- 
Cre*Nf1w~  mice  showed  that  Nfl  was  efficiently  deleted  from 
these  cells:  35  out  of  35  neurospheres  exhibited  deletion  of 
the  Nf1fl  allele  (data  not  shown).  The  expansion  of  NCSCs  that 
was  observed  at  El  3  in  germline  and  conditional  Nf1~'~ 
embryos  was  therefore  only  transient:  Nf1~'~  NCSCs  did  not 
persist  postnatally  in  regions  of  the  PNS  where  plexiform  neuro¬ 
fibromas  form. 

NCSCs  Do  Not  Persist  Postnatally  in  Mice 
that  Develop  Plexiform  Neurofibromas 

We  never  detected  PNS  tumors  in  the  limited  number  of 
3.9Periostin-Cre*Nf1w~  mice  that  survived  into  adulthood  (two 


mice  were  analyzed  at  3  weeks  of  age  and  six  from  4  to  8  weeks 
of  age).  To  study  mice  that  consistently  survived  into  adulthood 
after  Nfl  deletion,  we  conditionally  deleted  Nfl  using  POa-Cre, 
which  deletes  in  trunk  neural  crest  by  El  1.5  and  in  peripheral 
nerves  by  E12.5  (Giovannini  et  al.,  2000).  P0  is  expressed  by 
early  migrating  and  multipotent  neural  crest  cells  (Hagedorn 
et  al.,  1999;  Lee  et  al.,  1997).  We  sacrificed  six  POa-Cre*  Nfl- 
deficient  mice  and  six  littermate  controls  between  15  and  20 
months  of  age  and  analyzed  sciatic  nerves,  DRGs,  trigeminal 
nerves,  and  brachial  plexi  for  plexiform  neurofibromas.  All  six 
of  the  POa-Cre*  A/T7 -deficient  mice,  but  none  of  the  littermate 
controls,  exhibited  neurofibromas  (Figures  3A-3F).  Clas¬ 
sic  features  of  plexiform  neurofibromas  were  evident  in  each 
case,  including  grossly  enlarged  peripheral  nerves  and  DRGs, 
with  increased  cell  density,  nerve  disorganization,  and  expres¬ 
sion  of  p75  and  SI  00  within  the  tumors  (Figures  3B,  3D,  and 
3F). 

To  assess  whether  NCSCs  persist  into  adulthood  in  these 
mice,  we  dissociated  and  plated  DRG,  sciatic  nerve,  trigeminal 
nerve,  brachial  plexus,  sympathetic  chain,  and  gut  cells  from 
the  POa-Cre*  Nfl -deficient  mice  and  littermate  controls  into 
culture  as  described  above.  In  each  case,  we  sorted  both  unfrac¬ 
tionated  cells  as  well  as  p75+  cells  into  culture.  p75+  cells  from 
the  gut  of  POa-Cre*  A/T7 -deficient  mice  and  littermate  controls 
formed  multipotent  neurospheres  in  culture  (Figure  3G).  Flow- 
ever,  no  neurospheres  formed  in  culture  from  any  other  region 
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of  the  PNS.  These  results  demonstrate  that  we  were  able  to 
culture  adult  NCSCs  from  the  guts  of  these  mice,  but  that  NCSCs 
did  not  persist  postnatally  in  regions  of  the  PNS  affected  by 
neurofibromas. 

NCSCs  Appear  to  Differentiate  Normally  in  the 
Nerves  of  Mice  that  Develop  Neurofibromas 

We  fate-mapped  neural  crest  progenitors  in  developing  nerves 
by  generating  P0a-Cre+Nf1fl/~ R26R+  mice  and  littermate  con¬ 
trols.  In  these  mice,  the  fate  of  POa-Cre  expressing  progenitors 
can  be  followed  based  on  LacZ  expression  (R26R).  Sciatic 
nerves  were  dissected  from  postnatal  day  20  mice  of  each  geno¬ 
type,  stained  with  bluo-gal,  and  analyzed  by  electron  microscopy 
(Joseph  et  al.,  2004).  We  detected  no  gross  abnormalities  in  the 
size,  composition,  or  histology  of  these  postnatal  nerves  from 


Figure  4.  Proliferating  Cells  within  Plexiform 
Neurofibromas  Were  p75+  and  Expressed 
Markers  of  Nonmyelinating  Schwann  Cells 

Sciatic  nerves  (A,  C-E,  and  F-K)  and  DRGs  (B-E) 
were  dissected  from  adult  P0aCre+  Nf  1  -deficient 
mice  with  plexiform  neurofibromas  and  littermate 
controls.  Mice  were  administered  BrdU  for  4  days 
prior  to  being  sacrificed.  By  flow-cytometry,  neu¬ 
rofibromas  contained  significantly  higher  frequen¬ 
cies  of  p75+  cells  (A-C),  BrdU+  cells  (A,  B,  and  D), 
and  p75+BrdU+  cells  (A,  B,  and  E).  The  vast  ma¬ 
jority  of  dividing  cells  within  neurofibromas  were 
p75+  (upper  right  quadrant  of  plots  in  [A]  and  [B]). 
Immunofluorescence  in  sections  confirmed  the 
increased  frequency  of  BrdU+  cells  ([F];  arrows), 
p75+  cells  (G),  and  GFAP+  cells  (H)  in  neurofi¬ 
bromas  (right  column)  as  compared  to  control 
nerves  (left  column).  Normal  nerves  and  neuro¬ 
fibromas  lacked  BFABP  staining  (I).  Most  BrdU+ 
cells  costained  with  p75  (J),  and  many  costained 
with  GFAP  (K),  markers  of  nonmyelinating 
Schwann  cells.  In  (J)  and  (K),  double-positive  cells 
are  indicated  with  arrows,  while  possible  double¬ 
positive  cells  are  indicated  with  asterisks,  and  cells 
that  are  only  BrdU  positive  are  indicated  with 
arrowheads.  Scale  bars  in  (F)-(K)  equal  50  jim. 
Error  bars  represent  SD. 


P0a-Cre+Nf1  R26R*  mice  as  compared 
to  littermate  controls.  Bluo-gal+  endo- 
neurial  fibroblasts  as  well  as  myelinating 
and  nonmyelinating  Schwann  cells  arose 
with  similar  frequencies  from  POa- 
Cre+Nf1fl/~R26R  mice  as  compared  to 
P0a-Cre+Nf1fl/+R26R  controls  (Figures 
3H-3N).  These  data  suggest  that  Nfl -de¬ 
ficient  neural  crest  progenitors  acquired 
appropriate  fates  in  developing  periph¬ 
eral  nerves.  Consistent  with  this,  the 


development  detected  in  a  companion 
paper  was  the  presence  of  rare  nonmyeli¬ 
nating  Schwann  cells  that  were  associ¬ 
ated  with  abnormal  numbers  of  axons 
(Zheng  et  al.,  2008).  These  data  suggest 
that  Nfl -deficiency  did  not  grossly  alter  nerve  development  or 
the  differentiated  fates  of  neural  crest  progenitors. 

Nonmyelinating  Schwann  Cells  Proliferate 
within  Plexiform  Neurofibromas 

To  address  what  cells  were  proliferating  within  the  neurofi¬ 
bromas  that  arose  after  Nfl  deletion  with  POa-Cre ,  we  analyzed 
the  neurofibromas  by  flow-cytometry  and  immunohistochemis- 
try.  We  observed  a  significant  increase  (4.0-  to  6.4-fold;  p  < 
0.01)  in  the  frequency  of  p75+  cells  within  the  plexiform  neurofi¬ 
bromas  in  sciatic  nerves  and  DRGs  as  compared  to  normal 
nerves  and  DRGs  from  littermate  controls  (Figures  4A-4C).  By 
administering  BrdU  to  mice  for  4  days  before  analysis,  we  also 
found  that  these  p75+  cells  were  much  more  likely  to  be  dividing 
in  neurofibromas  as  compared  to  normal  tissue  from  littermate 
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Figure  5.  Ink4a/Arf  Deficiency,  but  Not  Ink4a  Deficiency,  Collabo¬ 
rates  with  Nfl  Mutations  to  Generate  MPNSTs  without  the  Postnatal 
Persistence  of  NCSCs 

(A)  Nfl +/+  and  Nfl  '  neural  crest  cells  cultured  from  sciatic  nerve  (SN)  and 
sympathetic  chain  (SC)  were  analyzed  by  western  blot.  (B)  Ink4a  deficiency 
did  not  significantly  affect  the  survival  of  Nfl*'  mice.  (C)  We  detected  no 
MPNSTs  among  Nf1*'^lnk4a^'^  mice  or  littermate  controls.  (D)  The  lifespan 
of  Nfl*'-  mice  was  significantly  (p  <  0.05)  decreased  by  Ink4a/Arf  deficiency 
as  compared  to  littermate  controls  (*  versus  Nf1*'*lnk4aArf*'-;  #  versus 
Nfl*1  lnk4aArf*'~\  5  versus  Nf1*'*lnk4aArf Each  line  in  (B)  and  (D)  repre¬ 
sents  a  cohort  of  34-61  mice  per  genotype  (see  numbers  in  [C]  and  [E]). 
Nf1*'-lnk4a/Arf  mice  developed  MPNSTs  (E-J)  as  early  as  P30  but  more 
commonly  after  4-6  months  of  age.  Tumors  were  typically  large  ([F],  arrow). 
Paraffin  sections  exhibited  classic  features  of  MPNSTs  including  fascicular 
patterns  of  tightly  packed  spindle  cells  ([G],  arrows)  with  hyperchromatic  nuclei 


controls  (Figures  4A,  4B,  4D,  and  4E).  Indeed,  virtually  all  of  the 
dividing  cells  (BrdU+  cells)  within  neurofibromas  were  p75+ 
(Figures  4A  and  4B).  Since  we  could  not  culture  NCSCs  from 
the  nerves  or  DRGs  of  these  adult  mice,  these  data  suggest 
that  nonmyelinating  Schwann  cells  were  proliferating  within  neu¬ 
rofibromas,  as  nonmyelinating  Schwann  cells  also  express  p75 
(Jessen  et  al.,  1990). 

To  test  whether  the  proliferating  p75+  cells  within  plexiform 
neurofibromas  expressed  other  markers  of  nonmyelinating 
Schwann  cells,  we  stained  tumor  sections  with  antibodies 
against  BrdU,  p75,  GFAP,  and  BFABP.  We  observed  increased 
numbers  of  BrdU+  cells  (Figure  4F),  p75+  cells  (Figure  4G),  and 
p75+BrdU+  cells  (Figure  4J)  in  neurofibromas  as  compared  to 
normal  nerves,  just  as  we  had  observed  by  flow  cytometry  (Fig¬ 
ures  4A-4E).  We  also  observed  greatly  increased  numbers  of 
GFAP+  cells  in  neurofibromas  (Figure  4H)  and  at  least  some  of 
these  GFAP+  cells  also  appeared  to  be  BrdU+  (Figure  4K), 
though  this  was  difficult  to  assess  because  GFAP  is  expressed 
mainly  in  cell  processes  while  BrdU  is  nuclear.  Since  GFAP  is 
expressed  by  nonmyelinating  Schwann  cells,  but  not  by  primitive 
glial  progenitors  in  El  3  fetal  nerves  (which  include  NCSCs  and 
restricted  Schwann  cell  precursors)  (Jessen  and  Mirsky,  2005; 
Jessen  et  al.,  1990;  Morrison  et  al.,  1999),  these  data  suggest 
that  GFAP+  nonmyelinating  Schwann  cells  contribute  to  the 
growth  of  neurofibromas.  Neither  normal  nerves  nor  neurofi¬ 
bromas  exhibited  detectable  BFABP  (also  known  as  BLBP  or 
Fabp7)  staining  (Figure  41).  Primitive  glial  progenitors  in  embry¬ 
onic  nerves  express  BFABP,  but  adult  nonmyelinating  Schwann 
cells  do  not  (Britsch  et  al.,  2001 ;  Jessen  and  Mirsky,  2005).  The 
presence  of  large  numbers  of  p75+,  GFAP+,  and  BFABP-  cells 
in  neurofibromas,  at  least  some  of  which  are  dividing,  suggests 
that  nonmyelinating  Schwann  cells  contribute  to  the  growth  of 
neurofibromas. 

Nfl  and  p53  Mutations  Lead  to  MPNSTs  but 
Not  to  the  Postnatal  Persistence  of  NCSCs 

Nf1/p53+/  mice  formed  MPNSTs  by  6  months  of  age  (Figures 
S4A-S4C)  as  previously  reported  (Cichowski  et  al.,  1999;  Vogel 
et  al.,  1999).  To  test  whether  these  mice  maintained  postnatal 
NCSCs,  we  cultured  dissociated  cells  from  DRG,  sciatic  nerve, 
trigeminal  nerve,  sympathetic  chain,  and  gut  of  adult  Nf1/p53+/~ 
mice.  Gut  cells  from  Nf1/p53+/~  mice  and  littermate  controls 
formed  NCSC  colonies  in  culture,  but  Nf1/p53  heterozygosity 
did  not  affect  the  frequency  or  growth  of  these  cells  (Figure  S4D). 
We  did  not  detect  cells  from  the  DRG,  sciatic  nerve,  trigeminal 
nerve,  or  sympathetic  chain  of  Nf1/p53+/~  mice  or  littermate  con¬ 
trols  that  could  form  NCSC  colonies  (Figure  S4D).  Nfl  and  p53 
mutations  did  not  affect  the  ability  of  fetal  or  adult  NCSCs  to 
form  colonies  in  culture  or  to  undergo  multilineage  differentiation 
(Figure  S5Aand  S5E),  so  these  mutations  did  not  prevent  us  from 


and  frequent  mitoses  (G).  These  tumors  contained  S100+  cells  (H),  a  marker 
used  in  the  diagnosis  of  MPNSTs.  Some  tumors  were  found  embedded  in 
the  dermis  (I  and  J)  surrounding  fat  cells  ([I],  blue  arrows),  sebaceous  glands 
([I],  arrows),  and  hair  follicles  ([I],  arrowheads).  Dermal  tumors  stained  more  in¬ 
tensely  for  SI  00  (J)  than  MPNSTs  outside  of  the  dermis  (H).  Scale  bars  in  (G)-(J) 
equal  100  |im.  (K)  Multipotent  neurospheres  consistently  arose  from  Nf1+/~ 
Ink4a/Arf  and  control  guts,  but  not  from  other  regions  of  the  adult  PNS 
(‘these  tissues  were  analyzed  relative  to  age-matched  wild-type  controls). 
Statistics  represent  mean  ±  SD  for  3-6  independent  experiments. 
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detecting  NCSCs  in  culture.  C/s  deletion  of  Nfl  and  p53  leads  to 
the  formation  of  MPNSTs  during  adulthood  without  promoting 
the  postnatal  persistence  of  NCSCs,  suggesting  that  MPNSTs 
do  not  arise  from  NCSCs. 

We  also  examined  DRGs,  sciatic  nerves,  trigeminal  nerves,  bra¬ 
chial  plexi,  and  sympathetic  ganglia  from  3-  to  6-month-old  Nfl/ 
p53*'-  mice  prior  to  the  formation  of  MPNSTs  to  assess  whether 
there  were  any  abnormalities  in  PNS  development.  Exceptfora  sin¬ 
gle  Nf1/p53*'-  brachial  plexus  that  exhibited  hyperproliferation,  we 
were  unable  to  distinguish  Nf1/p53*'-  tissues  from  wild-type  tis¬ 
sues  by  histology  or  marker  expression  (Figure  S6).  We  also  did 
not  detect  any  increase  in  the  frequency  of  p75+  cells  in  adult 
Nf1/p53+/ ~  tissues  prior  to  the  development  of  MPNSTs  (Figure 
S6S).  The  failure  to  detect  significantly  increased  numbers  of 
p75+  cells  in  adult  Nf1/p53*'-  tissues  prior  to  the  development  of 
tumors  supports  the  conclusion  that  these  tumors  do  not  arise 
from  the  postnatal  persistence  of  expanded  populations  of  NCSCs. 

Ink4a  and  Arf  Deficiency  Cooperate  with  Nfl 
Heterozygosity  to  Yield  MPNSTs 

To  test  whether  the  postnatal  persistence  of  NCSCs  might  be 
inhibited  by  induction  of  pi  6lnk4a  or  pi  9Arf  expression  in  Nfl  mu¬ 
tant  NCSCs  we  performed  western  blots  on  cultured  NCSCs 
from  the  sciatic  nerve  and  sympathetic  chain.  In  both  cases, 
we  observed  increased  p19Arf  expression  by  Nf1^~  cells  (Fig¬ 
ure  5A).  We  also  observed  an  increase  in  p16lnk4a  expression 
by  Nf1~,~  sciatic  nerve  cells,  though  the  effect  on  p16lnk4a 
expression  in  sympathetic  chain  cells  was  not  as  clear.  Consis¬ 
tent  with  the  known  role  for  p53  mutations  in  the  formation  of 
MPNSTs,  we  also  observed  a  consistent  increase  in  p21Clp1 
expression  by  Nf1~f~  NCSCs  (Figure  5A).  These  observations 
raised  the  possibility  that  increased  p16lnk4a  and  p19Arf  expres¬ 
sion  by  Nfl-'-  NCSCs  might  retard  the  formation  of  MPNSTs. 

To  test  this,  we  first  generated  mice  bearing  mutations  in  Nfl 
and  Ink4a  (leaving  Arf  intact).  We  aged  cohorts  of  Nfl*'  Ink4a~ '~ 
mice  as  well  as  various  genotypes  of  littermate  controls  for  up 
to  16  months.  Overall  mortality  was  low  (Figure  5B).  We  never 
detected  any  MPNSTs  or  neurofibromas  in  these  mice,  though 
we  did  observe  some  hematopoietic  neoplasms,  particularly 
lymphoma  (Figure  5C).  The  lack  of  grossly  evident  PNS  tumors 
in  these  mice  suggested  that  \nk4a  deletion  is  not  sufficient  for 
tumorigenesis  in  an  Nfl  heterozygous  background.  Nf1+/~  mice 
were  previously  generated  on  an  A/f-deficient  background  and 
also  did  not  develop  neurofibromas  or  MPNSTs  (King  et  al., 
2002).  These  observations  are  consistent  with  genetic  analyses 
of  MPNSTs  in  patients,  which  usually  exhibit  loss-of-function 
mutations  in  both  the  Rb  and  p53  pathways  (Agesen  et  al., 
2005;  Perrone  et  al.,  2003). 

To  develop  a  mouse  model  that  more  faithfully  recapitulated 
the  mutations  observed  in  human  MPNSTs,  we  generated  mice 
bearing  mutations  in  Nfl  and  Ink4a/Arf  (lacking  both  Ink4a  and 
Arf).  We  aged  cohorts  of  Nf1+/-lnk4a/Arf -'  mice  as  well  as  var¬ 
ious  genotypes  of  littermate  controls  for  up  to  1 6  months.  Virtually 
all  Nf1+/  lnk4a/Arf-'~  mice  died  by  10  months  of  age,  more 
quickly  than  littermates  with  other  genotypes  (Figure  5D).  Nf1+,+ 
Ink4a/Arf*'-  control  mice  failed  to  develop  MPNSTs  or  neurofi¬ 
bromas,  but  26%  of  Nf1+'-lnk4a/Arf-'-  mice  had  to  be  eutha¬ 
nized  due  to  the  formation  of  MPNSTs  (Figures  5E  and  5F). 
Most  of  the  MPNSTs  developed  by  Nf1+'-lnk4a/Arf -'-  mice 


became  grossly  evident  at  4  to  6  months  of  age.  These  MPNSTs 
tended  to  develop  on  the  shoulders,  ribs,  or  legs  of  mice,  close 
to  DRGs  and  peripheral  nerves.  Much  lower  rates  of  MPNSTs 
were  observed  among  Nf1+/-lnk4a/Arf+/ -  mice  (Figure  5E),  and 
only  after  1  year  of  age.  These  statistics  may  underestimate  the 
true  frequency  of  MPNSTs,  as  smaller  tumors  may  have  gone 
undetected  in  mice  that  died  due  to  other  causes. 

Flistology  of  the  MPNSTs  revealed  typical  features  including 
fascicular  patterns  of  tightly  packed  spindle  cells  with  hyperchro- 
matic  nuclei  and  frequent  mitoses  (Figure  5G)  as  well  as  SI  00 
staining  (Figure  5H).  Five  of  the  MPNSTs  observed  in  Nfl*' 
Ink4a/Arf-'-  mice  were  confined  to  the  dermis  and  epidermis 
(Figure  51),  were  much  smaller  than  the  more  typical  tumors  im¬ 
aged  in  Figure  5F,  and  stained  more  intensely  for  SI  00  (Figure  5J). 
These  tumors  may  actually  be  dermal  neurofibromas,  though 
they  were  characterized  as  MPNSTs  because  the  frequent 
mitotic  figures  and  invasiveness  were  more  consistent  with  a  ma¬ 
lignancy.  These  data  demonstrate  that  tnk4a/Arf  deficiency  leads 
to  the  formation  of  MPNSTs  in  an  Nf1*'~  background. 

In  addition  to  forming  MPNSTs,  we  observed  a  significant 
frequency  of  hematopoietic  neoplasms  among  Nf1*'-lnk4a/ 
Arf-'-,  Nf1*'-lnk4a/Arf*'-,  and  Nf1+'+lnk4a/Arf-'~  mice  (Fig¬ 
ure  5E).  These  included  mainly  lymphomas  and  histiocytic  neo¬ 
plasms,  but  we  observed  some  acute  myeloid  leukemias  as 
well  as  some  mice  with  myeloproliferative  disease. 

NCSCs  Did  Not  Persist  Postnatally 
in  Nf1*/lnk4a/Arf/  Mice 

To  test  whether  Nfl*'  lnk4a/Arf-'~  mice  maintained  postnatal 
NCSCs,  we  cultured  dissociated  cells  from  DRG,  sciatic  nerve, 
trigeminal  nerve,  brachial  plexus,  sympathetic  chain,  and  gut  of 
adult  Nf1*'-lnk4a/Arf-'-  mice  and  littermate  controls.  Gut  cells 
from  Nf1*'  lnk4a/Arf-'-  mice  and  controls  formed  multilineage 
NCSC  colonies  in  culture,  but  we  did  not  detect  a  significantly 
increased  frequency  of  NCSCs  in  Nf1*'-lnk4a/Arf-'-  mice 
(Figure  5K).  Nfl  deficiency  also  did  not  affect  the  size  of  gut 
NCSC  colonies  (data  not  shown).  We  did  not  detect  cells  from 
any  other  region  of  the  PNS  of  Nf1*'-lnk4a/Arf -'-  mice  or  litter¬ 
mate  controls  that  could  form  multipotent  neurospheres 
(Figure  5K).  Nfl  and  tnk4a/Arf  mutations  did  not  affect  the  ability 
of  fetal  or  adult  NCSCs  to  form  colonies  in  culture  or  to  undergo 
multilineage  differentiation  (Figures  S5B  and  S5F),  so  these  mu¬ 
tations  did  not  prevent  us  from  detecting  NCSCs  in  culture. 

We  also  examined  DRGs,  sciatic  nerves,  trigeminal  nerves, 
and  sympathetic  ganglia  from  3-  to  6-month-old  Nf1*'-lnk4a/ 
Arf-'-  mice  prior  to  the  formation  of  MPNSTs  to  assess  PNS  de¬ 
velopment.  We  were  unable  to  distinguish  Nf1*'-lnk4a/Arf tis¬ 
sues  from  wild-type  tissues  by  either  histology  or  marker  expres¬ 
sion  and  did  not  detect  a  significant  increase  in  the  frequency  of 
p75+  cells  in  adult  Nf1*'-lnk4a/Arf -'-  tissues  prior  to  the  devel¬ 
opment  of  MPNSTs  (Figure  S6).  The  failure  to  detect  significantly 
increased  numbers  of  p75+  cells  in  adult  Nf1*'-lnk4a/Arf -'-  tis¬ 
sues  prior  to  the  development  of  tumors  supports  the  conclusion 
that  these  tumors  do  not  arise  from  the  postnatal  persistence  of 
expanded  populations  of  NCSCs. 

Clonogenic  MPNST  Cells  Did  Not  Resemble  NCSCs 

To  test  whether  clonogenic  MPNST  cells  resembled  NCSCs, 
tumors  from  Nfl*'  lnk4aArT '-  mice  or  Nf1/p53*'~  mice  were 
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NCSCs  from  DRG  of  MPNST  cells  from  MPNST  cells  from 
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Figure  6.  Self-Renewing  Spheres  Grew  from  Nf1+I  Ink4a/Arf  ~/  and 
Nf1/p53+/  MPNSTs  but  Did  Not  Form  Colonies  that  Resembled 
NCSCs  Colonies 

Some  MPNST  cells  from  Nf1+/~lnk4aArf~/~  mice  and  Nf1/p53+/~  mice  formed 
self-renewing  spheres  in  culture.  While  all  NCSCs  generated  peripherin+  neu¬ 
rons  (B),  GFAP+  glia  (C),  and  SMA+  myofibroblasts  ([C];  arrow),  MPNST  colo¬ 
nies  from  Nf1+/~lnk4aArf~/~  and  Nf1/p53+/~  mice  failed  to  generate  periph- 
erin+  neurons  (H  and  N)  or  GFAP+  glia  (I  and  O).  In  contrast  to  Nfl NCSC 
colonies  (D),  MPNST  colonies  exhibited  little  or  no  SoxlO  staining  (J  and  P). 
MPNST  colonies  typically  contained  cells  with  a  glial  morphology  (data  not 
shown)  as  well  as  SMA+  myofibroblasts  (I  and  O).  Like  NCSC  colonies 

(E  and  F),  most  cells  within  MPNST  colonies  were  SoxE+  (K  and  Q)  and  SI  00(3+ 
(L  and  R).  These  represent  typical  colonies  from  six  independent  Nf1+/~lnk4a/ 
Arf~'~  MPNSTs  and  four  independent  Nf1/p53+/~  MPNSTs.  The  scale  bar 
(100  jim)  in  (A)  applies  to  (A),  (G),  and  (M)  while  the  scale  bar  (100  pm)  in  (B) 
applies  to  all  other  panels. 

dissociated  and  cultured  in  the  conditions  we  use  for  NCSCs. 
Some  Nf1+/-lnk4a/Arf-'-  MPNST  cells  and  Nf1/p53+/-  MPNST 
cells  formed  spheres  in  culture  (Figures  6G  and  6M).  These 
sphere-forming  cells  had  self-renewal  potential,  giving  rise  to  an 
average  of  1 64  ±  1 33  and  1 04  ±  21  daughter  spheres,  respectively, 
when  subcloned  after  10  to  12  days  of  primary  culture.  These 
sphere-forming  cells  were  unlikely  to  arise  from  normal  cells  in 
the  tumors  because  we  were  unable  to  culture  sphere-forming 


cells  from  normal  adult  nerves  in  control  mice  (Figure  5K).  All 
Nf1~'~  (Figures  6A-6F)  and  wild-type  (Figures  2C  and  2F)  NCSC 
colonies  formed  peripherin+  neurons  (Figure  6B),  smooth  muscle 
actin+  (SMA+)  myofibroblasts  (Figure  6C),  and  GFAP+  glia  (Fig¬ 
ure  6C).  Moreover,  El  3  Nf1^'^lnk4alArf^'^  and  NfHp53~'~ 
NCSCs  also  underwent  multilineage  differentiation,  as  did  adult 
gut  Nf1+/~lnk4a/Arf-/~  and  Nf1/p53+/-  NCSCs  (Figure  S5).  These 
data  demonstrate  that  Nfl  deficiency,  with  or  without  additional 
mutations  in  p53  or  Ink4a/Arf,  does  not  alter  the  ability  of  NCSCs 
to  undergo  multilineage  differentiation.  In  contrast,  the  A//7+/~ 
Ink4a/Arf-'-  MPNST  and  Nf1/p53+/-  MPNST  colonies  in  the 
same  culture  conditions  rarely  generated  peripherin+  neurons 
and  never  GFAP+  glia  (Figure  6).  Clonogenic  MPNST  cells  fail  to 
undergo  multilineage  differentiation  characteristic  of  NCSCs. 

While  cells  within  NCSC  colonies  were  SoxICT  as  expected 
(Kim  et  al.,  2003),  MPNST  cells  stained  weakly  or  not  at  all  for 
SoxlO,  as  previously  reported  (Levy  et  al.,  2004;  Miller  et  al., 
2006)  (Figure  6).  Apart  from  the  lack  of  GFAP  staining,  most  cells 
in  MPNST  colonies  otherwise  resembled  glia,  as  they  were  small, 
spindle-shaped  cells  that  stained  positively  for  SoxE  (Sox8/9/1 0) 
and  S100P  (Figure  6).  Increased  Sox9  expression  is  typical  of 
MPNSTs,  and  a  subset  of  MPNSTs  express  S100P  (Miller 
et  al.,  2006;  Takeuchi  and  Uchigome,  2001).  MPNST  cells 
thus  formed  colonies  that  consistently  differed  from  wild-type 
(Figures  2C  and  2F),  Nf1-'~  (Figures  6A-6F),  Nf1-'~lnk4aArf-/- 
(Figure  S5B),  and  Nf1/p53~ (Figure  S5A)  NCSCs,  though  these 
cells  did  resemble  Schwann  cells  based  on  morphology  and 
expression  of  S100P  and  SoxE. 

Nfl -Deficient  NCSCs  Are  Not  Tumorigenic 

To  test  whether  A/T7 -deficient  NCSCs  could  form  tumors,  we 
cultured  NCSCs  from  E13  Nf1+,+  or  Nf1~'~  miceorMPNST  cells 
from  Nf1+/~lnk4a/Arf ~/_  mice,  then  transplanted  these  cells  into 
the  sciatic  nerves  of  adult  Nf1+/  mice.  In  some  experiments,  the 
Nfl  mutant  allele  was  bred  onto  a  Rosa  background  so  that  we 
could  monitor  the  engraftment  of  the  transplanted  cells.  All  mice 
(8/8)  injected  with  50,000  MPNST  cells  developed  large  tumors 
within  2  to  6  weeks  of  injection  (Figures  71  and  7J).  None  of 
12  mice  injected  with  50,000  to  100,000  Nf1+/+  cells  or  16  mice 
injected  with  50,000  to  100,000  Nf1~'~  cells  developed  tumors 
despite  being  monitored  for  up  to  20  months  after  injection  (Fig¬ 
ure  7J).  The  Nf1+/+  and  Nfl  cells  did  engraft  within  nerves  as 
indicated  by  the  presence  of  LacZ  expressing  cells  (Figures  7E- 
7H).  Flowever,  these  LacZ+  donor  cells  never  formed  tumors 
(Figures  7G  and  7H).  Together,  our  data  indicate  that  NCSCs 
are  not  rendered  tumorigenic  by  Nfl  deficiency,  but  rather  infre¬ 
quent  differentiated  glia  (such  as  nonmyelinating  Schwann  cells) 
begin  proliferating  inappropriately  and  form  tumors  in  adults. 

DISCUSSION 

If  NCSCs  give  rise  to  plexiform  neurofibromas  and  MPNSTs, 
then  Nfl -deficient  NCSCs  would  be  expected  to  persist  in 
expanded  numbers  throughout  late  gestation  and  into  the  post¬ 
natal  period.  Flowever,  we  did  not  detect  the  postnatal  persis¬ 
tence  of  NCSCs  in  DRG,  sympathetic  chain,  trigeminal  ganglion, 
brachial  plexus,  or  peripheral  nerve  of  conditional  A/f7 -deficient 
mice  (Table  1),  even  in  mice  that  went  on  to  develop  plexiform 
neurofibromas  (Figure  3G).  The  expansion  of  Nfl  -deficient 
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Figure  7.  W/7-Deficient  NCSCs  Are  Not  Tumorigenic  In  Vivo 

We  transplanted  50,000  MPNST  cells  or  50,000-100,000  Nfl*'*  or  Nf1~'~ 
NCSCs  into  the  nerves  of  adult  Nfl*'  mice.  NCSCs  were  grown  as  spheres 
from  various  regions  of  the  El  3  PNS  of  Nfl* '*  and  Nfl  '  mice  that  had 
been  bred  to  Rosa  mice  in  some  experiments  to  allow  the  tracking  of  cells 
with  Xgal  staining  (A  and  B).  NCSC  spheres  were  replated  to  adherent  cultures, 
dissociated  to  single  cell  suspensions,  and  injected  into  the  sciatic  nerves  of 
adult  Nfl*'-  mice.  Contralateral  nerves  never  showed  X-gal+  cells  (C  and  D) 
but  nerves  injected  with  Rosa+  cells  consistently  showed  engraftment  (E-H). 
MPNST  spheres  from  Nfl*'  lnk4aArf~'  mice  were  also  dissociated  and  in¬ 
jected  into  the  sciatic  nerves  of  adult  Nfl*'  mice  (I).  Tumors  were  never  ob¬ 
served  in  mice  injected  with  Nfl +/+  or  Nf1~'~  neural  crest  cells,  even  after  20 
months  follow-up  (E-J).  MPNST  cells  gave  rise  to  large  tumors  (I)  in  all  recipi¬ 
ents  within  2-6  weeks  after  injection  (J).  The  scale  bar  (1 00  nm)  in  (A)  applies  to 
(A)  and  (B)  and  the  scale  bar  (100  nm)  in  (C)  applies  to  (C)-(H). 


NCSCs  occurred  only  transiently  during  midgestation.  Like  wild- 
type  NCSCs,  Nfl -deficient  NCSCs  became  increasingly  rare  in 
late  gestation  and  failed  to  persist  postnatally,  precluding  them 


from  participating  in  tumorigenesis  (Figure  S3).  NCSCs  also  did 
not  persist  postnatally  in  Nf1+/~lnk4aArf or  Nf1/p53*'~  mice 
(Figure  5K;  Figure  S4),  despite  the  fact  that  they  went  on  to  de¬ 
velop  MPNSTs  as  adults  (Figure  5;  Figure  S4).  Since  NCSCs 
did  not  persist  postnatally  in  regions  of  the  PNS  that  formed  plex- 
iform  neurofibromas  or  MPNSTs  during  adulthood,  NCSCs 
could  not  have  given  rise  to  these  tumors. 

Our  inability  to  detect  Nfl -deficient  NCSCs  postnatally  in 
regions  of  the  PNS  that  developed  tumors  did  not  simply  reflect 
altered  differentiation  or  survival  of  these  cells  in  culture.  In  all 
experiments,  we  were  able  to  detect  the  postnatal  persistence 
of  both  wild-type  and  Nfl -deficient  NCSCs  from  the  adult  gut. 
This  positive  control  demonstrated  that  we  were  able  to  culture 
adult  NCSCs  from  each  of  the  genetic  backgrounds  we  studied. 
Moreover,  Nfl  deficiency  increased  the  survival  and  proliferation 
of  NCSCs  in  culture,  making  them  easier,  not  more  difficult,  to 
grow  (Figure  2).  Furthermore,  Nfl  deficiency,  with  or  without 
p53  or  Ink4a/Arf  deficiency,  did  not  alter  the  ability  of  NCSCs 
to  undergo  multilineage  differentiation  (Figure  2;  Figure  6;  Fig¬ 
ure  SI;  Figure  S5). 

Nfl -deficient  NCSCs  appeared  to  differentiate  normally  in  pe¬ 
ripheral  nerves  during  late  gestation  (Figure  3).  We  did  not  detect 
any  gross  alterations  in  nerve  development  in  P20  Nfl  mutant 
mice  by  electron  microscopy  (Figure  3).  Rather,  hyperplasia 
and  increased  frequencies  of  p75+  cells  were  not  observed  in 
P0a-Cre+Nf1fl/~  mice  until  around  3  months  of  age  (Zheng  et  al., 
2008).  We  also  did  not  detect  any  gross  alterations  in  PNS  devel¬ 
opment  or  a  significant  increase  in  the  frequency  of  p75+  cells  in 
PNS  tissues  from  Nf1+/~lnk4aArf or  Nf1/p53+/~  mice  during 
early  adulthood  prior  to  the  formation  of  tumors  (Figure  S6). 
When  combined  with  the  observation  that  Nfl -deficient  NCSCs 
were  lost  from  the  late  gestation  PNS  according  to  a  similar  time 
course  as  wild-type  NCSCs  (Figure  S3),  and  the  observation 
that  A/ff-deficient  NCSCs  failed  to  form  tumors  after  transplanta¬ 
tion  into  adult  Nf1+/  peripheral  nerves  (Figure  7),  our  data  suggest 
that  Nfl -deficient  NCSCs  terminally  differentiate  during  late  ges¬ 
tation  and  are  long  gone  by  the  time  tumors  arise  in  the  adult  PNS. 

Our  data  instead  suggest  that  infrequent  differentiated  glia, 
such  as  nonmyelinating  Schwann  cells  within  peripheral  nerves, 
begin  proliferating  inappropriately  in  the  postnatal  period  and 
give  rise  to  plexiform  neurofibromas.  The  dividing  cells  within 
plexiform  neurofibromas  were  almost  exclusively  p75+  (Figures 
4A,  4B,  and  4J).  Many  of  these  cells  had  a  phenotype  similar  to 
nonmyelinating  Schwann  cells  (and  dissimilar  to  fetal  NCSCs) 
as  they  were  also  GFAP+  and  BFABP-  (Figure  4).  Proliferating 
cells  within  MPNSTs  also  expressed  some  differentiated  glial 
markers  as  well  as  having  a  glial  morphology  (Figure  6). 

Why  would  deletion  of  Nfl  in  fetal  nerve  progenitors  lead  to  the 
formation  of  tumors  that  do  not  become  evident  until  adulthood  in 
mice  (Zhu  et  al.,  2002)?  A  cosubmitted  manuscript  by  Zheng  and 
colleagues  concludes  that  abnormal  differentiation  of  some 
nonmyelinating  Schwann  cells  in  the  absence  of  Nfl  leads  to  their 
association  with  unusually  large  numbers  of  axons  (Zheng  et  al., 
2008).  These  bundles  degenerate  postnatally,  leading  to  inflam¬ 
mation  that  precedes  Schwann  cell  hyperproliferation  and  the 
formation  of  plexiform  neurofibromas.  These  observations  sug¬ 
gest  that  Nfl -deficient  Schwann  cells  differentiate  perinatally 
and  do  not  become  hyperproliferative  until  early  adulthood 
when  their  behavior  is  modified  by  epigenetic  (i.e.,  inflammation, 
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hormones,  and  nerve  damage)  or  genetic  (i.e.,  secondary  muta¬ 
tions)  triggers. 

Our  results  do  not  address  the  origin  of  dermal  neurofibromas. 
Typical  benign  dermal  neurofibromas  did  not  arise  in  any  of  the 
mice  we  studied.  Neural  progenitors  have  been  cultured  from 
adult  dermis  and  at  least  some  of  these  are  neural  crest  derived 
(Fernandes  et  al.,  2004;  Wong  et  al.,  2006).  While  these  cells  ex¬ 
press  markers  similar  to  NCSCs,  the  progenitors  cultured  from 
trunk  skin  have  little  capacity  to  make  neurons  (Wong  et  al., 
2006),  in  contrast  to  the  NCSC  populations  we  have  characterized 
(Bixby  etal.,  2002;  Kruger etal.,  2002;  Morrison  etal.,  1999).  More 
work  will  be  required  to  identify  the  in  vivo  cells  that  give  rise  to  the 
dermally  derived  neural  progenitors.  Nonetheless,  this  is  a  differ¬ 
ent  neural  progenitor  population,  in  a  different  location,  than  the 
NCSC  populations  that  we  characterized  in  this  study. 

It  is  interesting  that  NF1  negatively  regulates  the  frequency, 
self-renewal,  growth  factor  sensitivity,  and  gliogenesis  of 
NCSCs  in  most  regions  of  the  PNS  but  not  in  the  gut.  The  basis 
for  this  regional  difference  in  NF1  function  is  not  clear.  Nonethe¬ 
less,  these  results  are  consistent  with  the  observation  that 
neurofibromatosis  patients  seem  more  likely  to  develop  tumors 
from  peripheral  nerves,  DRGs,  and  sympathetic  ganglia  than 
from  the  gut  (Fuller  and  Williams,  1991).  The  failure  of  gut  neural 
crest  progenitors  to  exhibit  increased  proliferation  or  gliogenesis 
after  Nfl  deletion  may  partly  explain  this  clinical  observation. 

While  many  cancers  may  arise  from  the  transformation  of  stem 
cells,  our  results  indicate  that  NCSCs  are  not  rendered  tumori- 
genic  by  mutations  in  Nfl.  Benign  tumors  and  cancers  of  the 
PNS  can  arise  from  differentiated  glia. 

EXPERIMENTAL  PROCEDURES 

All  experiments  using  mice  were  performed  in  accordance  with  approved  pro¬ 
tocols  by  the  University  Committee  on  the  Use  and  Care  of  Research  Animals 
(UCUCA).  Several  Nfl  alleles  were  used  in  these  studies  including  Nf1~  (germ¬ 
line  mutant)  mice  (Jacks  et  al.,  1994),  Nf1fl  mice  for  conditional  deletion  (Zhu 
et  al.,  2001),  and  Nf1/p53~  cis  mutant  mice  (Cichowski  et  al.,  1999).  For  condi¬ 
tional  deletion  of  Nfl  we  used  Wnt-1-Cre+  (Danielian  et  al.,  1998),  3.9Periostin- 
Cre+  (Lindsley  et  al.,  2007),  and  P0a-Cre+  (Giovannini  et  al.,  2000)  mice.  Com¬ 
pound  mutant  mice  were  generated  by  mating  Nf1+/~  mice  with  lnk4a~'~  mice 
(Sharpless  et  al.,  2001)  or  / nk4aArf~'~  mice  (Serrano  et  al.,  1996). 

Isolation  of  NCSCs 

Timed  pregnant  matings  of  Nf1+/~  mice  were  set  up  to  obtain  El  3  Nf1~'~  em¬ 
bryos.  DRGs  (cervical,  thoracic,  and  lumbar),  sciatic  nerve,  sympathetic  chain, 
and  gut  (including  stomach,  small  intestine,  and  hindgut)  were  dissected  from 
El  2.5  to  El  3.5  Nf1+/+,  Nf1+/~,  and  Nf1~'~  littermates  and  collected  in  ice-cold 
Ca,  Mg-free  HBSS.  Tissues  were  dissociated  for  4  min  at  37°C  in  0.05%  tryp- 
sin/EDTA  (Invitrogen,  Carlsbad,  California;  diluted  1:10  in  Ca,  Mg-free  HBSS) 
with  0.25  mg/ml  type  IV  collagenase  (Worthington,  Lakewood  NJ)  then 
quenched  with  staining  medium:  LI  5  medium  containing  1  mg/ml  BSA  (Sigma 
A-3912,  St.  Louis,  MO),  10  mM  HEPES  (pH  7.4),  1%  penicillin/streptomycin 
(BioWhittaker,  Walkersville,  MD),  and  25  mg/ml  deoxyribonuclease  type  1 
(DNasel,  Sigma  D-4527).  Cells  were  centrifuged,  resuspended  in  staining 
medium  without  DNase,  triturated,  filtered  through  nylon  screen  (45  |im,  Sefar 
America,  Kansas  City,  MO)  to  remove  aggregates,  counted  by  hemocyto- 
meter,  and  added  to  culture.  In  some  experiments,  cell  suspensions  were 
stained  with  antibodies  against  p75  (Ab  1554;  Chemicon)  and  a4  integrin 
(Becton  Dickinson,  San  Jose,  CA)  for  analysis  by  flow-cytometry  (Bixby 
et  al.,  2002).  In  some  experiments,  cells  were  stained  for  BrdU  using  a  flow- 
cytometry  kit  (BD  PharMingen;  cat.  no.  559619).  Flow  cytometry  was  per¬ 
formed  with  a  FACSVantage  SE-dual  laser,  three-line  flow-cytometer  (Becton 
Dickinson). 


See  Supplementary  Data  for  details  regarding  dissociation  of  adult  cells, 
genotyping,  cell  culture,  immunohistochemistry,  western  blots,  nerve  injec¬ 
tions,  and  other  methods. 

Supplemental  Data 

The  Supplemental  Data  include  six  supplemental  figures  and  Supplemental 
Experimental  Procedures  and  can  be  found  with  this  article  online  at  http:// 
www. cancercell. org/cgi/content/full/1 3/2/1 29/DC1  /. 

ACKNOWLEDGMENTS 

This  work  was  supported  by  the  NIH  NINDS  (R01  NS40750  to  SJM)  and  the 
Howard  Hughes  Medical  Institute.  Generation  of  3.9Periostin-Cre  mice  was 
supported  by  R01  HL077342  to  S.J.C.  and  T32  HL079995  to  P.S.  Y.Z.  was 
supported  by  grants  from  the  American  Cancer  Society  and  Department  of 
Defense.  N.M.J  was  supported  by  an  NRSA  from  the  NINDS  (F30  NS049761). 

J. T.M.  was  supported  by  the  Aron  Family  NF  Scholars  Fellowship  from  the  Chil¬ 
dren’s  Tumor  Foundation.  J.B.  was  supported  by  the  Swiss  National  Science 
Foundation.  Thanks  to  M.  White  and  D.  Adams  for  assistance  with  flow  cytom¬ 
etry.  Thanks  to  D.  Sorensen  for  assistance  with  electron  microscopy  and  to 
H.  Zheng  and  L.  Chang  for  assistance  with  POaCre  experiments.  Thanks  to  Tyler 
Jacks  for  providing  Nfl  -deficient  mice,  to  Karlyne  Reilly  for  providing  Nf1/p53+/~ 
cis  mice,  and  to  Ron  DePinho  for  providing  Ink4a  and  / nk4a/Arf  mice.  Thanks  to 
Alan  Saltiel’s  and  Kun-Liang  Guan’s  laboratories  for  advice  related  to  western 
blots.  Thanks  to  Michael  Wegner,  David  Anderson,  and  Thomas  Muller  for 
providing  antibodies  against  SoxE,  Soxl  0,  and  BFABP.  Thanks  to  Paul  Cederna 
and  Deborah  Yu  for  advice  with  nerve  injections. 

Received:  June  5,  2007 
Revised:  November  15,  2007 
Accepted:  January  3,  2008 
Published:  February  4,  2008 

REFERENCES 

Agesen,  T.H.,  Florenes,  V.A.,  Molenaar,  W.M.,  Lind,  G.E.,  Berner,  J.M.,  Plaat, 
B.E.,  Komdeur,  R.,  Myklebost,  O.,  van  den  Berg,  E.,  and  Lothe,  R.A.  (2005). 
Expression  patterns  of  cell  cycle  components  in  sporadic  and  neurofibroma¬ 
tosis  type  1  -related  malignant  peripheral  nerve  sheath  tumors.  J.  Neuropathol. 
Exp.  Neurol.  64,  74-81 . 

Bixby,  S.,  Kruger,  G.M.,  Mosher,  J.T.,  Joseph,  N.M.,  and  Morrison,  S.J.  (2002). 
Cell-intrinsic  differences  between  stem  cells  from  different  regions  of  the 
peripheral  nervous  system  regulate  the  generation  of  neural  diversity.  Neuron 
35,  643-656. 

Brannan,  C.I.,  Perkins,  A.S.,  Vogel,  K.S.,  Ratner,  N.,  Nordlund,  M.L.,  Reid, 

5. W.,  Buchberg,  A.M.,  Jenkins,  N.A.,  Parada,  L.F.,  and  Copeland,  N.G. 
(1994).  Targeted  disruption  of  the  neurofibromatosis  type-1  gene  leads  to 
developmental  abnormalities  in  heart  and  various  neural  crest-derived  tissues. 
Genes  Dev.  8,  1019-1029. 

Britsch,  S.,  Goerich,  D.E.,  Riethmacher,  D.,  Peirano,  R.I.,  Rossner,  M.,  Nave, 

K. -A.,  Birchmeier,  C.,  and  Wegner,  M.  (2001).  The  transcription  factor  SoxlO 
is  a  key  regulator  of  peripheral  glial  development.  Genes  Dev.  15,  66-78. 
Cichowski,  K.,  Shih,  T.S.,  Schmitt,  E.,  Santiago,  S.,  Reilly,  K.,  McLaughlin, 
M.E.,  Bronson,  R.T.,  and  Jacks,  T.  (1999).  Mouse  models  of  tumor  develop¬ 
ment  in  neurofibromatosis  type  1.  Science  286,  2172-2176. 

Danielian,  P.S.,  Muccino,  D.,  Rowitch,  D.H.,  Michael,  S.K.,  and  McMahon,  A.P. 
(1 998).  Modification  of  gene  activity  in  mouse  embryos  in  utero  by  a  tamoxifen- 
inducible  form  of  Cre  recombinase.  Curr.  Biol.  8,  1323-1326. 

Dasgupta,  B.,  and  Gutmann,  D.H.  (2005).  Neurofibromin  regulates  neural  stem 
cell  proliferation,  survival,  and  astroglial  differentiation  in  vitro  and  in  vivo. 
J.  Neurosci.  25,  5584-5594. 

Fernandes,  K.J.,  McKenzie,  I.A.,  Mill,  P.,  Smith,  K.M.,  Akhavan,  M.,  Barnabe- 
Heider,  F.,  Biernaskie,  J.,  Junek,  A.,  Kobayashi,  N.R.,  Toma,  J.G.,  et  al.  (2004). 
A  dermal  niche  for  multipotent  adult  skin-derived  precursor  cells.  Nat.  Cell  Biol. 

6,  1082-1093. 


Cancer  Cell  13,  129-140,  February  2008  ©2008  Elsevier  Inc.  139 


Cancer  Cell 

Neurofibromas  Arise  from  Differentiated  Glia 


Cell 


Fuller,  C.E.,  and  Williams,  G.T.  (1991).  Gastrointestinal  manifestations  of  type  1 
neurofibromatosis  (von  Recklinghausen’s  disease).  Histopathology  19,  1-11. 
Giovannini,  M.,  Robanus-Maandag,  E.,  van  der  Valk,  M.,  Niwa-Kawakita,  M., 
Abramowski,  V.,  Goutebroze,  L.,  Woodruff,  J.M.,  Berns,  A.,  and  Thomas,  G. 
(2000).  Conditional  biallelic  Nf2  mutation  in  the  mouse  promotes  manifesta¬ 
tions  of  human  neurofibromatosis  type  2.  Genes  Dev.  14,  1617-1630. 

Gitler,  A.D.,  Zhu,  Y.,  Ismat,  F.A.,  Lu,  M.M.,  Yamauchi,  Y.,  Parada,  L.F.,  and 
Epstein,  J.A.  (2003).  Nfl  has  an  essential  role  in  endothelial  cells.  Nat.  Genet. 
33,  75-79. 

Hagedorn,  L.,  Suter,  U.,  and  Sommer,  L.  (1999).  P0  and  PMP22  mark  a  multi- 
potent  neural  crest-derived  cell  type  that  displays  community  effects  in  re¬ 
sponse  to  TGF-beta  family  factors.  Development  126,  3781-3794. 

Iwashita,  T.,  Kruger,  G.M.,  Pardal,  R.,  Kiel,  M.J.,  and  Morrison,  S.J.  (2003). 
Hirschsprung  disease  is  linked  to  defects  in  neural  crest  stem  cell  function. 
Science  301,  972-976. 

Jacks,  T.,  Shih,  T.S.,  Schmitt,  E.M.,  Bronson,  R.T.,  Bernards,  A.,  and  Wein¬ 
berg,  R.A.  (1994).  Tumor  predisposition  in  mice  heterozygous  for  a  targeted 
mutation  in  Nfl .  Nat.  Genet.  7,  353-361 . 

Jessen,  K.R.,  and  Mirsky,  R.  (2005).  The  origin  and  development  of  glial  cells  in 
peripheral  nerves.  Nat.  Rev.  Neurosci.  6,  671-682. 

Jessen,  K.R.,  Morgan,  L.,  Steward,  H.J.S.,  and  Mirsky,  R.  (1990).  Three 
markers  of  adult  non-myelin-forming  schwann  cells,  217c(Ran-1),  A5E3  and 
GFAP:  Development  and  regulation  by  neuron-Schwann  cell  interactions. 
Development  109,  91-103. 

Joseph,  N.M.,  Mukouyama,  Y.S.,  Mosher,  J.T.,  Jaegle,  M.,  Crone,  S.A., 
Dormand,  E.L.,  Lee,  K.F.,  Meijer,  D.,  Anderson,  D.J.,  and  Morrison,  S.J. 
(2004).  Neural  crest  stem  cells  undergo  multilineage  differentiation  in  develop¬ 
ing  peripheral  nerves  to  generate  endoneurial  fibroblasts  in  addition  to 
Schwann  cells.  Development  131,  5599-5612. 

Kim,  H.A.,  Rosenbaum,  T.,  Marchionni,  M.A.,  Ratner,  N.,  and  DeClue,  J.E. 
(1995).  Schwann  cells  from  neurofibromin  deficient  mice  exhibit  activation  of 
p21ras,  inhibition  of  cell  proliferation  and  morphological  changes.  Oncogene 
11,  325-335. 

Kim,  J.,  Lo,  L.,  Dormand,  E.,  and  Anderson,  D.J.  (2003).  SOX10  maintains 
multipotency  and  inhibits  neuronal  differentiation  of  neural  crest  stem  cells. 
Neuron  38,  17-31 . 

King,  D.,  Yang,  G.,  Thompson,  M.A.,  and  Hiebert,  S.W.  (2002).  Loss  of  neuro- 
fibromatosis-1  and  pi  9(ARF)  cooperate  to  induce  a  multiple  tumor  phenotype. 
Oncogene  27,  4978-4982. 

Kruger,  G.M.,  Mosher,  J.T.,  Bixby,  S.,  Joseph,  N.,  Iwashita,  T.,  and  Morrison, 
S.J.  (2002).  Neural  crest  stem  cells  persist  in  the  adult  gut  but  undergo 
changes  in  self-renewal,  neuronal  subtype  potential,  and  factor  responsive¬ 
ness.  Neuron  35,  657-669. 

Lee,  M.,  Brennan,  A.,  Blanchard,  A.,  Zoidl,  G.,  Dong,  Z.,  Tabernero,  A.,  Zoidl, 
C.,  Dent,  M.A.,  Jessen,  K.R.,  and  Mirsky,  R.  (1997).  P0  is  constitutively 
expressed  in  the  rat  neural  crest  and  embryonic  nerves  and  is  negatively 
and  positively  regulated  by  axons  to  generate  non-myelin-forming  and  mye¬ 
lin-forming  Schwann  cells,  respectively.  Mol.  Cell.  Neurosci.  8,  336-350. 
Levy,  P.,  Vidaud,  D.,  Leroy,  K.,  Laurendeau,  I.,  Wechsler,  J.,  Bolasco,  G., 
Parfait,  B.,  Wolkenstein,  P.,  Vidaud,  M.,  and  Bieche,  I.  (2004).  Molecular  pro¬ 
filing  of  malignant  peripheral  nerve  sheath  tumors  associated  with  neurofibro¬ 
matosis  type  1,  based  on  large-scale  real-time  RT-PCR.  Mol.  Cancer  3,  20. 
Lindsley,  A.,  Snider,  P.,  Zhou,  H.,  Rogers,  R.,  Wang,  J.,  Olaopa,  M.,  Kruzynska- 
Frejtag,  A.,  Koushik,  S.V.,  Lilly,  B.,  Burch,  J.B.E.,  et  al.  (2007).  Identification  and 
characterization  of  a  novel  Schwann  and  outflow  tract  endocardial  cushion 
lineage-restricted  periostin  promoter.  Dev.  Biol.,  in  press. 

Maro,  G.S.,  Vermeren,  M.,  Voiculescu,  O.,  Melton,  L.,  Cohen,  J.,  Charnay,  P., 
and  Topilko,  P.  (2004).  Neural  crest  boundary  cap  cells  constitute  a  source  of 
neuronal  and  glial  cells  of  the  PNS.  Nat.  Neurosci.  9,  930-938. 

Menon,  A.G.,  Anderson,  K.M.,  Riccardi,  V.M.,  Chung,  R.Y.,  Whaley,  J.M., 
Yandell,  D.W.,  Farmer,  G.E.,  Freiman,  R.N.,  Lee,  J.K.,  Li,  F.P.,  et  al.  (1990). 
Chromosome  17p  deletions  and  p53  gene  mutations  associated  with  the 
formation  of  malignant  neurofibrosarcomas  in  von  Recklinghausen  neurofibro¬ 
matosis.  Proc.  Natl.  Acad.  Sci.  USA  87,  5435-5439. 


Miller,  S.J.,  Rangwala,  F.,  Williams,  J.,  Ackerman,  P.,  Kong,  S.,  Jegga,  A.G., 
Kaiser,  S.,  Aronow,  B.J.,  Frahm,  S.,  Kluwe,  L.,  et  al.  (2006).  Large-scale  molec¬ 
ular  comparison  of  human  schwann  cells  to  malignant  peripheral  nerve  sheath 
tumor  cell  lines  and  tissues.  Cancer  Res.  66,  2584-2591 . 

Molofsky,  A.V.,  He,  S.,  Kruger,  G.M.,  Bydon,  M.,  Morrison,  S.J.,  and  Pardal,  R. 
(2005).  Bmi-1  promotes  neural  stem  cell  self-renewal  and  neural  development 
but  not  mouse  growth  and  survival  by  repressing  the  p16lnk4a  and  p19Arf 
senescence  pathways.  Genes  Dev.  19,  1432-1437. 

Morrison,  S.J.,  White,  P.M.,  Zock,  C.,  and  Anderson,  D.J.  (1999).  Prospective 
identification,  isolation  by  flow  cytometry,  and  in  vivo  self-renewal  of  multipo- 
tent  mammalian  neural  crest  stem  cells.  Cell  96,  737-749. 

Pardal,  R.,  Clarke,  M.F.,  and  Morrison,  S.J.  (2003).  Applying  the  principles  of 
stem-cell  biology  to  cancer.  Nat.  Rev.  Cancer.  3,  895-902. 

Perrone,  F.,  Tabano,  S.,  Colombo,  F.,  Dagrada,  G.,  Birindelli,  S.,  Gronchi,  A., 
Colecchia,  M.,  Pierotti,  M.A.,  and  Pilotti,  S.  (2003).  p15INK4b,  p14ARF,  and 
pi  6INK4a  inactivation  in  sporadic  and  neurofibromatosis  type  1  -related  malig¬ 
nant  peripheral  nerve  sheath  tumors.  Clin.  Cancer  Res.  9,  4132-4138. 

Reya,  T.,  Morrison,  S.J.,  Clarke,  M.F.,  and  Weissman,  I.L.  (2001).  Stem  cells, 
cancer,  and  cancer  stem  cells.  Nature  414,  105-1 1 1 . 

Riccardi,  V.M.  (1999).  Neurofibromatosis:  Phenotype,  Natural  History,  and 
Pathogenesis,  Third  Edition  (Baltimore:  Johns  Hopkins  Univeristy  Press). 
Rubin,  J.B.,  and  Gutmann,  D.H.  (2005).  Neurofibromatosis  type  1  -  a  model  for 
nervous  system  tumour  formation?  Nat.  Rev.  Cancer  5,  557-564. 

Serrano,  M.,  Lee,  H.,  Chin,  L.,  Cordon-Cardo,  C.,  Beach,  D.,  and  DePinho,  R.A. 
(1996).  Role  of  the  INK4a  locus  in  tumor  suppression  and  cell  mortality.  Cell  85, 
27-37. 

Sharpless,  N.E.,  Bardeesy,  N.,  Lee,  K.-H.,  Carrasco,  D.,  Castrillon,  D.H. .Aguirre, 
A.J.,  Wu,  E.A.,  Homer,  J.W.,  and  DePinho,  R.A.  (2001).  Loss  of  p16lnk4a  with 
retention  of  p19Arf  predisposes  mice  to  tumorigenesis.  Nature  413,  86-91 . 
Stemple,  D.L.,  and  Anderson,  D.J.  (1992).  Isolation  of  a  stem  cell  for  neurons 
and  glia  from  the  mammalian  neural  crest.  Cell  71,  973-985. 

Takeuchi,  A.,  and  Uchigome,  S.  (2001).  Diverse  differentiation  in  malignant 
peripheral  nerve  sheath  tumours  associated  with  neurofibromatosis-1:  An 
immunohistochemical  and  ultrastructural  study.  Histopathology  39,  298-309. 
Topilko,  P.,  Schneider-Maunoury,  S.,  Levi,  G.,  Baron-Van  Evercooren,  A., 
Chennoufi,  A.B.,  Seitanidou,  T.,  Babinet,  C.,  and  Charnay,  P.  (1994).  Krox-20 
controls  myelination  in  the  peripheral  nervous  system.  Nature  371,  796-799. 
Vogel,  K.S.,  Brannan,  C.I.,  Jenkins,  N.A.,  Copeland,  N.G.,  and  Parada,  L.F. 
(1995).  Loss  of  neurofibromin  results  in  neurotrophin-independent  survival  of 
embryonic  sensory  and  sympathetic  neurons.  Cell  82,  733-742. 

Vogel,  K.S.,  Klesse,  L.J.,  Velasco-Miguel,  S.,  Meyers,  K.,  Rushing,  E.J.,  and 
Parada,  L.F.  (1 999).  Mouse  tumor  model  for  neurofibromatosis  type  1 .  Science 
286,  2176-2179. 

Wong,  C.E.,  Paratore,  C.,  Dours-Zimmermann,  M.T.,  Rochat,  A.,  Pietri,  T., 
Suter,  U.,  Zimmermann,  D.R.,  Dufour,  S.,  Thiery,  J.P.,  Meijer,  D.,  et  al. 
(2006).  Neural  crest-derived  cells  with  stem  cell  features  can  be  traced  back 
to  multiple  lineages  in  the  adult  skin.  J.  Cell  Biol.  175,  1005-1015. 

Zheng,  H.,  Chang,  L.,  Patel,  N.,  Yang,  J.,  Lowe,  L.,  Burns,  D.K.,  and  Zhu,  Y. 
(2008).  Induction  of  abnormal  proliferation  by  non-myelinating  Schwann  cells 
triggers  neurofibroma  formation.  Cancer  Cell,  in  press. 

Zhu,  Y.,  Romero,  M.I.,  Ghosh,  P.,  Ye,  Z.,  Charnay,  P.,  Rushing,  E.J.,  Marth, 
J.D.,  and  Parada,  L.F.  (2001).  Ablation  of  NF1  function  in  neurons  induces 
abnormal  development  of  cerebral  cortex  and  reactive  gliosis  in  the  brain. 
Genes  Dev.  15,  859-876. 

Zhu,  Y.,  Ghosh,  P.,  Charnay,  P.,  Burns,  D.K.,  and  Parada,  L.F.  (2002).  Neuro¬ 
fibromas  in  NF1:  Schwann  cell  origin  and  role  of  tumor  environment.  Science 
296,  920-922. 

Zhu,  Y.,  Guignard,  F.,  Zhao,  D.,  Liu,  L.,  Burns,  D.K.,  Mason,  R.P.,  Messing,  A., 
and  Parada,  L.F.  (2005a).  Early  inactivation  of  p53  tumor  suppressor  gene  coop¬ 
erating  with  NF1  loss  induces  malignant  astrocytoma.  Cancer  Cell  8, 119-130. 
Zhu,  Y.,  Harada,  T.,  Liu,  L.,  Lush,  M.E.,  Guignard,  F.,  Harada,  C.,  Burns,  D.K., 
Bajenaru,  M.L.,  Gutmann,  D.H.,  and  Parada,  L.F.  (2005b).  Inactivation  of  NF1 
in  CNS  causes  increased  glial  progenitor  proliferation  and  optic  glioma  forma¬ 
tion.  Development  132,  5577-5588. 


140  Cancer  Cell  13,  129-140,  February  2008  ©2008  Elsevier  Inc. 


Develop  mental  Dynamics 


DEVELOPMENTAL  DYNAMICS  237:513-524,  2008 


SPECIAL  ISSUES  DISEASE  CONNECTIONS 


Influence  of  Hormones  and  Hormone 
Metabolites  on  the  Growth  of  Schwann  Cells 
Derived  From  Embryonic  Stem  Cells  and  on 
Tumor  Cell  Lines  Expressing  Variable  Levels 
of  Neurofibromin1^ 

Therese  M.  Roth,1  Poornapriya  Ramamurthy,1,2  David  Muir,3  Margaret  R.  Wallace,4  Yuan  Zhu,1'5 
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Loss  of  ne urofibromin,  the  protein  product  of  the  tumor  suppressor  gene  neurofibromatosis  type  1  (NF1),  is 
associated  with  neurofibromas,  composed  largely  of  Schwann  cells.  The  number  and  size  of  neurofibromas  in 
NF1  patients  have  been  shown  to  increase  during  pregnancy.  A  mouse  embryonic  stem  cell  (mESC)  model  was 
used,  in  which  mESCs  with  varying  levels  of  neurofibromin  were  differentiated  into  Schwann-like  cells.  NF1  cell 
lines  derived  from  a  malignant  and  a  benign  human  tumor  were  used  to  study  proliferation  in  response  to 
hormones.  Estrogen  and  androgen  receptors  were  not  expressed  or  expressed  at  very  low  levels  in  the  NF1+/+ 
cells,  at  low  levels  in  NF1+/— cells,  and  robust  levels  in  NF1— /—  cells.  A  17p-cstradiol  (E2)  metabolite,  2-methoxy 
estradiol  (2ME2)  is  cytotoxic  to  the  NF1  —I—  malignant  tumor  cell  line,  and  inhibits  proliferation  in  the  other  cell 
lines.  2ME2  or  its  derivatives  could  provide  new  treatment  avenues  for  NF1  hormone-sensitive  tumors  at  times 
of  greatet  hormonal  influence.  Developmental  Dynamics  237:513-524,  2008.  ©  2008  Wiley-Liss,  Inc. 
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INTRODUCTION 

Neurofibromatosis  Type  1 
Origin  and  Loss  of 
Heterozygosity 

Neurofibromatosis  type  1  (NF1)  is  the 
most  common  human  tumor  predispo¬ 
sition  syndrome  of  the  nervous  sys¬ 
tem,  affecting  1/3,000  to  1/3,500  live 


births  worldwide.  Neurofibromas,  the 
cardinal  feature  of  NF1,  are  heteroge¬ 
neous  and  composed  of  all  the  cellular 
components  of  peripheral  nerves,  in¬ 
cluding  Schwann  cells  (SCs),  fibro¬ 
blasts,  perineurial  cells,  axons,  and 
mast  cells.  SCs  or  SC  precursors  have 
been  shown  to  be  the  initiating  cell 
type  for  tumorigenesis  (Serra  et  al., 


2001;  Zhu  et  al.,  2002).  Loss  of  het¬ 
erozygosity  has  been  found  in  some, 
but  not  all  neurofibromas,  and  in  some 
but  not  all  cell  types  within  the  neu¬ 
rofibroma  (Menon  et  al.,  1990;  Das- 
chner  et  al.,  1997;  Rasmussen  et  al., 
2000).  Although  neurofibromin  is  gen¬ 
erally  a  microtubule-associated  cyto¬ 
plasmic  protein  (Gregory  et  al.,  1993), 
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it  has  also  been  found  to  be  actively 
transported  to  the  nucleus  (Vanden- 
broucke  et  al.,  2004). 

The  manifestations  of  NF1  are 
highly  variable,  even  among  members 
of  the  same  family,  who  presumably 
have  the  same  mutation.  Discrete  cu¬ 
taneous  neurofibromas  are  usually  be¬ 
nign  and  often  first  appear  at  puberty 
(McLaughlin  and  Jacks,  2003;  Fish- 
bein  et  al.,  2007).  Although  these  tu¬ 
mors  are  rarely  present  at  birth,  they 
are  found  in  48%  of  10  year  olds  (no¬ 
tably,  precocious  puberty  is  a  common 
feature  of  NF1;  Virdis,  2000),  84%  of 
20  year  olds,  and  virtually  all  NF1 
patients  over  the  age  of  40  (McGaugh- 
ran  et  al.,  1999;  DeBella  et  al.,  2000). 
Neurofibromas  can  also  arise  from 
multiple  nerves  within  nerve  plex¬ 
uses,  which  are  termed  plexiform  neu¬ 
rofibromas  (Woodruff,  1999;  Gutmann 
and  Giovannini,  2002).  Plexiform  neu¬ 
rofibromas  are  first  seen  in  early 
childhood  and  are  capable  of  aggres¬ 
sive  growth,  particularly  as  puberty 
approaches  or  during  pregnancy 
(Dugoff  and  Sujansky,  1996).  Approx¬ 
imately  5%  of  plexiform  neurofibro¬ 
mas  undergo  malignant  transforma¬ 
tion  and  eventually  become  malignant 
peripheral  nerve  sheath  tumors  (MPN- 
STs;  Korf,  1999;  Woodruff,  1999).  Con¬ 
tributions  from  other  mutations,  at 
NF1  or  other  loci,  environmental  con¬ 
ditions  including  trauma  and  the  ele¬ 
vated  levels  of  specific  hormones  seen  at 
puberty  and  during  pregnancy,  may 
also  be  “triggers”  for  tumorigenesis,  en¬ 
largement,  or  tumor  progression.  Such 
stimuli  could  be  responsible  for  initial 
growth  of  the  tumors,  for  increases  in 
tumor  size  and  number  during  preg¬ 
nancy,  puberty,  or  exogenous  hormonal 
stimulation  and  for  malignant  transfor¬ 
mation  (Posma  et  al.,  2003).  Reports  in¬ 
dicate  that  up  to  80%  of  pregnant 
women  with  NF1  experience  an  in¬ 
crease  in  tumor  size  and/or  number 
during  pregnancy,  with  one  third  of 
these  lesions  regressing  in  the  postpar¬ 
tum  period,  suggesting  a  hormonal  in¬ 
fluence  (Dugoff  and  Sujansky,  1996). 

Hormonal  Milieu  During 
Pregnancy 

Concentrations  of  the  steroid  hor¬ 
mones  17(3-estradiol  (E2),  progester¬ 
one  (P4),  and  testosterone  (T)  increase 
during  pregnancy  (Witorsch,  2002; 


Fernandez-Valdivia  et  al.,  2005; 
Okada  et  al.,  2005;  Rodriguez-Cuenca 
et  al.,  2006).  E2  has  been  shown  to  be 
involved  in  cell  proliferation,  and  is  a 
ligand  for  the  estrogen  receptor  (ER; 
Revankar  et  al.,  2005).  P4  is  modified 
to  E2  and  is  involved  in  both  prolifer¬ 
ation  and  differentiation  (Fernandez- 
Valdivia  et  al.,  2005);  P4  is  the  ligand 
for  the  progesterone  receptor  (PR) 
(Fernandez-Valdivia  et  al.,  2005).  The 
PR  is  regulated  by  E2  by  transactiva¬ 
tion  through  the  ER  (Fernandez- 
Valdivia  et  al.,  2005;  Okada  et  al., 
2005).  Testosterone  is  the  primary  cir¬ 
culating  androgen,  even  in  women, 
and  is  the  ligand  for  the  androgen  re¬ 
ceptor  (AR),  although  it  can  rarely 
cross-react  with  both  the  ER  and  the  PR 
with  very  low  affinity  (Gao  et  al.,  2005). 
Steroids  can  rarely  cross-react  and  bind 
to  receptors  other  than  their  native  re¬ 
ceptor,  because  of  the  similarity  of  their 
receptor  conformation,  even  though  the 
actual  sequence  identity  may  be  low 
(Gao  et  al.,  2005).  Hormone  receptor¬ 
positive  breast  cancer  cells  were  shown 
to  be  more  likely  to  respond  to  hormone 
antagonist  treatment  (Jacobsen  et  al., 
2003,  2005)  than  hormone  receptor¬ 
negative  breast  cancer  cells. 

Antimetabolites/Antagonists 
for  Hormones  and 
Angiogenesis 

2-Methoxy-estradiol  (2ME2)  is  a  natu¬ 
rally  occurring  E2  metabolite  that  rises 
in  serum  during  pregnancy  (Wang  et 
al.,  2000)  and  is  a  potent  antiangiogenic 
factor,  although  it  is  not  ER-dependent 
(Wang  et  al.,  2000;  Dingli  et  al.,  2002). 
2ME2  has  been  found  to  inhibit  tumor 
cells  (e.g.,  breast  cancer,  prostate  can¬ 
cer,  and  ovarian  carcinoma)  by  destabi¬ 
lizing  and  depolymerizing  microtubules 
(MT)  and  impairing  hypoxia-inducible 
factor  1  (HIF-1)  accumulation  in  the  nu¬ 
cleus  (Wang  et  al.,  2000;  Mabjeesh  et 
al.,  2003;  Ireson  et  al.,  2004).  HIF-1  also 
induces  vascular  endothelial  growth 
factor  (VEGF)  expression;  therefore,  in¬ 
hibition  of  HIF-1  results  in  inhibition  of 
VEGF  expression  that  is  required  for 
angiogenesis  (Mabjeesh  et  al.,  2003). 
Tumors  require  angiogenesis  to  grow 
larger  than  1  mm  in  size  due  to  the 
limits  of  nutrient  diffusion  to  cells,  so 
that  2ME2  may  be  acting  indirectly  to 
inhibit  tumor  growth  through  inhibi¬ 
tion  of  angiogenesis,  although  that  can¬ 


not  be  the  reason  2ME2  has  apoptotic 
effects  on  cultured  tumor  cells  (Mab¬ 
jeesh  et  al.,  2003;  Wang  et  al.,  2000).  In 
such  cells,  2ME2  acts  by  disrupting  mi¬ 
crotubules,  with  prolonged  (24-72  hr) 
treatment  of  malignant  tumor  cells  re¬ 
sulting  in  apoptosis  (Wang  et  al.,  2000; 
Mabjeesh  et  al.,  2003). 

Embryonic  Stem  Cell-Based 
Model  of  SC  Differentiation 
for  Studies  of  NF1 
Tumorigenesis 

We  recently  reported  a  new  stem  cell- 
based  model  for  studies  of  tumorigen¬ 
esis  in  NF1  (Roth  et  al.,  2007).  An  in 
vitro  system  was  used  to  differentiate 
mouse  embryonic  stem  cells  (mESCs), 
which  are  NF1  wild-type  (+/+),  het¬ 
erozygous  (+/-),  or  null  (-/-)  into 
SC-like  cells  for  studies  of  NF1.  In  this 
hormone  study,  we  have  focused  on 
the  SC-like  cells  derived  from  these 
mouse  embryonic  stem  cells. 

RESULTS 

The  cell  lines  used  for  these  studies  in¬ 
clude  the  NF1+/+  (D3)  mES  cell  line 
(Doetschman,  1985),  NF1+/-  (SKO) 
mES  cells  (Jacks  et  al.,  1994),  NF1-/- 
(DKO)  mES  cell  line  (Jacks  et  al.,  1994), 
SW10  (NF1+/+)  mouse  SC  line  that 
harbors  a  temperature  sensitive  SV40 
large  T  antigen.  When  these  cells  are 
grown  at  37°C  (the  nonpermissive  tem¬ 
perature  for  transgene  expression), 
they  differentiate  (ATCC;  Hai  et  al., 
2002).  We  also  examined  two  human 
NF1  cell  lines,  pNF00.ll  (referred  to  as 
PNF  cells  in  this  report;  NF1-/— )  a  hu¬ 
man  plexiform  neurofibroma  SC-en¬ 
riched  culture  (Muir  et  al.,  2001),  and 
ST88-14  (referred  to  as  ST  cells  in  this 
report;  NF1— /— )  derived  from  a  human 
MPNST  (a  gift  of  Dr.  Larry  Sherman, 
Oregon  Health  Sciences  University;  Su 
et  al.,  2004).  SC-like  differentiated  mES 
cells  will  be  referred  to  as  D3SC  (NF1+/ 
+),  SKOSC  (NF1+/— ),  and  DKOSC 
(NF1— /-),  depending  on  the  number  of 
NF1  alleles  expressed. 

Expression  of  Steroid 
Hormone  Receptors  Is 
Correlated  With  NF1 
Expression  in  SC-Like  mES- 
Derived  Cells 

To  determine  whether  the  mES-de- 
rived  SC-like  cells  or  human  SC  tumor 
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cell  lines  responded  differently  to  the 
steroid  hormones  that  are  up-regu- 
lated  during  pregnancy  (P4,  E2,  and 
T),  we  first  determined  whether  these 
cells  expressed  the  appropriate  recep¬ 
tors  (PR,  ER,  AR)  for  the  relevant 
classic  steroid  receptor  pathways  at 
the  protein  level.  We  found  that  the 
level  of  classic  receptor  expression 
varied  depending  on  the  level  of  neu- 
rofibromin  expressed  by  the  cell  type/ 
line.  Whereas  PR  (Fig.lA,  first  col¬ 
umn)  was  not  highly  expressed  in  any 
of  the  cell  lines,  the  NF1-/—  (DKOSC, 
PNF,  ST)  cells  had  the  most  intense 
staining  in  the  immunocytochemical 
experiments,  although  the  SC  line 
SW10  also  showed  some  PR  expres¬ 
sion  (Fig.  1A,  bottom  row,  left).  ER 
expression  (Fig.  1A,  third  column)  and 
AR  expression  (Fig.  1A,  fifth  column) 
followed  similar  patterns  to  each 
other,  with  little/no  expression  in  the 
NF1+/+  (D3SC,  SW10)  cells,  low  lev¬ 
els  of  expression  in  NF1+/—  (SKOSC) 
cells,  and  higher  levels  of  expression 
in  NF1-/-  (DKOSC,  PNF,  ST)  cells. 
Immunocytochemical  analysis  demon¬ 
strated  that,  although  PR  and  AR  ex¬ 
pression  was  exclusively  nuclear,  ER 


Fig.  1.  A:  Schwann  cell  (SC)  -like  cells  and 
neurofibromatosis  type  1  (NF1)  tumor  cells 
express  varying  levels  of  steroid  hormone  re¬ 
ceptors.  4',6-Diamidine-2-phenylidole-dihydro- 
chloride  (DAPI)  staining  of  cell  nuclei  is  shown 
to  the  right  of  the  hormone  receptor  assayed. 
Left  column,  progesterone  receptor  (PR):  Low 
levels  of  PR  expression  were  seen  in  all  cell 
types,  with  some  up-regulation  in  NF1-/- 
(DKOSC,  PNF,  ST)  cells.  Third  column,  estro¬ 
gen  receptor  (ER)  and  fifth  column  androgen 
receptor  (AR):  Very  low  levels  of  both  ER  and 
AR  seen  in  NF1+/+  (D3SC,  SW10)  cells,  a 
slightly  higher  level  in  NF1  +/-  (SKOSC)  cells, 
and  most  intense  levels  in  NF1  -/-  (DKOSC, 
PNF,  ST)  cells  suggests  a  stronger  ability  of 
NF1  -/-  cells  to  respond  to  hormones  up-reg- 
ulated  during  pregnancy.  Some  cell  types  dis¬ 
played  both  nuclear  and  cytoplasmic  expres¬ 
sion  of  ER.  Photographs  were  taken  at  X40 
original  magnification.  B:  Using  gel  visualiza¬ 
tion,  expression  of  hormone  receptors  was  ver¬ 
ified  by  reverse  transcriptase-polymerase  chain 
reaction  (RT-PCR;  D3=D3SC,  SK=SKOSC, 
DK=  DKOSC).  C:  Real-time  quantitative  PCR 
(RTqPCR)  shows  percentage  of  hormone  re¬ 
ceptor  expression  of  D3SC  and  SKOSC  cells  in 
comparison  to  DKOSC  cells  (DKOSC  expres¬ 
sion  set  at  100%).  D3SC  cells  expressed  20% 
the  amount  of  PR,  0.5%  ER  and  9.4%  PR  of 
DKOSC  cells,  while  SKOSC  cells  expressed 
24%  the  amount  of  PR,  0.25  ER,  and  41 .6%  AR 
of  DKOSC  cells. 
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localization  was  seen  in  both  the  nu¬ 
cleus  and  the  cytoplasm,  as  has  been 
previously  noted  (Ho  and  Liao,  2002; 
Zhang  et  al.,  2004;  Revankar  et  al., 
2005).  The  differences  in  expression 
levels  were  confirmed  in  mouse  SC- 
like  cells  by  real-time  quantitative 
polymerase  chain  reaction  (RTqPCR; 
Fig.  IB).  In  RTqPCR  assessments, 
with  the  level  of  expression  in  DKOSC 
cells  set  at  100%,  D3SC  cells  ex¬ 
pressed  20%  of  the  amount  of  PR, 
0.5%  of  the  ER,  and  9.4%  of  the  PR 
seen  in  DKOSC  cells,  whereas  SKOSC 
cells  expressed  24%  of  the  amount  of 
PR,  0.25%  of  the  ER,  and  41.6%  of  the 
AR  expressed  by  DKOSC  cells  (Fig. 
1C).  We  then  costained  for  both  ste¬ 
roid  hormone  receptors  and  SC  mark¬ 
ers  in  the  same  cells,  which  verified 
coexpression  levels  (Fig.  2A-C). 

To  assay  whether  in  vivo  mouse  tis¬ 
sue  with  or  without  NF1  expression 
showed  similar  patterns  of  classic  hor¬ 
mone  receptor  expression  as  mouse 
cells  in  vitro  did,  we  obtained  tissue 
from  mice  in  which  a  PO-driven  ere 
transgene  targeted  the  loss  of  NF1  in 
cells  only  from  the  SC  lineage  (Zheng 
et  al.,  in  revision)  and  stained  for  clas¬ 
sic  hormone  receptor  expression.  In 
this  model,  NF1  mutant  mice  (cre+) 
develop  neurofibroma  tumors  in  dor¬ 
sal  root  ganglia  (DRG;  Fig.  3).  High 
levels  of  ER  (green,  middle  columns) 
and  AR  (green,  right  columns)  were 
seen  in  NFl-deficient  mouse  tissue 
(cre+),  but  not  in  mouse  tissue  with 
normal  NF1  expression  levels  (ere—), 
similar  to  the  expression  patterns 
seen  in  the  cultured  NFl-deficient 
mouse  cells  (Fig.  3).  In  contrast  to  the 
in  vitro  assays,  however,  high  levels  of 
PR  (red,  left  columns)  expression  were 


Fig.  2.  Coexpression  levels  of  classic  hormone 
receptors  and  Schwann  cell  (SC)  markers  in 
SC-like  differentiated  mouse  embryonic  stem 
cells  (mESCs).  A-C:  This  finding  confirms  the 
coexpression  levels  of  SI  00  and  progesterone 
receptor  (PR),  glial  fibrillary  acidic  protein 
(GFAP)  and  estrogen  receptor  (ER)  or  SI  00  and 
androgen  receptor  (AR)  in  NF1  +/+  D3SC  cells 
(A),  NF1  +/—  SKOSC  cells  (B),  and  NF1-/- 
DKOSC  cells  (C).  The  staining  for  all  three  hor¬ 
mone  receptors  (PR,  ER,  AR)  was  most  intense 
in  the  DKOSC  (NF1  -/-)  cells  (C),  whereas  all 
three  cell  types  (D3SC  NF1+/+,  SKOSC 
NF1+/-,  and  DKOSC  NF1-/-)  expressed  the 
SC  markers  SI  00  or  GFAP.  Photographs  were 
taken  at  X40  original  magnification. 
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also  seen  in  NFl-deficient  mouse  tis¬ 
sues  (cre+;  Fig.  3). 

Hormonal  Effects  on  Cell 
Proliferation 

Because  expression  of  hormone  recep¬ 
tors  was  found  to  be  associated  with 
the  level  of  NF1  expression  in  the  cells 
tested,  with  DKOSC  cells  expressing 
much  higher  levels  of  the  receptors 
than  either  the  D3SC  or  SKOSC  cells 
(Figs.  IB,  2A-C),  we  assayed  the  cells 
for  hormonal  effects  on  cell  prolifera¬ 
tion.  Concentrations  of  the  hormones 
were  chosen  based  on  dose-response 
curves  that  determined  the  optimal 
doses  that  induced  proliferation 
rather  than  differentiation  (not 
shown).  After  growing  the  cells  over¬ 
night  in  hormone-free  phenol-red  free 
medium,  we  added  one  of  the  ligands 
for  the  steroid  hormone  receptors  (P4, 
E2,  and  T)  and/or  its  respective  nu¬ 
clear  receptor  inhibitor  (RU486,  ICI 
182,  780,  or  flutamide;  Wang  et  al., 
2000;  Witorsch,  2002;  Fig.  4).  Addition 
of  P4  (Fig.  4  P4)  increased  prolifera¬ 
tion  significantly  only  in  SW10,  ST, 
and  DKOSC  cells.  The  effect  of  the  PR 
inhibitor  RU486  was  cell  type-specific, 
ranging  from  significant  inhibition 
even  below  control  levels  (SW10  and 
PNF)  to  no  significant  effect  (ST, 
D3SC,  SKOSC,  DKOSC;  Fig.  4,  P4; 
n  =  5).  Addition  of  E2  (Fig.  4,  E2)  or  T 
(Fig.  4,  T)  significantly  increased  pro¬ 
liferation  of  malignant  NF1  tumor 
cells  (ST)  and  both  DKOSC  and  D3SC 
cells.  However,  the  NF1— /—  cell  lines 
ST  and  DKOSC  cells  were  the  only  cell 
lines  that  showed  a  significant  in¬ 
crease  in  proliferation  with  all  three  of 
the  hormones  tested.  There  was  gen¬ 
erally  a  slight  trend,  although  not  a 
significant  decrease,  seen  when  the  re¬ 
spective  inhibitors  for  the  classic  re¬ 
ceptors  (ICI182,  780  for  ER,  flutamide 
for  AR)  were  used  to  block  these  recep¬ 
tors  by  preincubating  cells  with  the 
inhibitors  for  2  hr. 

2ME2  Effects 

To  determine  whether  2ME2,  an  es¬ 
trogen  metabolite  that  has  been  found 
to  be  up-regulated  during  normal 
pregnancies  (Wang  et  al.,  2000)  and 
which  has  been  found  to  affect  the 
growth  of  various  tumor  cells  (Fotsis 
et  al.,  1994;  Maran  et  al.,  2002;  Dja- 


vaheri-Mergny  et  al.,  2003;  Mabjeesh 
et  al.,  2003),  affected  the  growth  of 
NF1— /—  mES  cells,  we  grew  the  SC- 
like  mES  cells,  SW10,  and  the  tumor 
cell  lines  for  3  days  in  2ME2  concen¬ 
trations  between  0.1  pM  and  100  pM. 
We  determined  that  10  pM  was  the 
threshold  for  significant  changes  in 
growth  rates  in  all  cells  and  cell  lines 
tested  (not  shown).  To  determine 
whether  the  effect  was  cytotoxic  (caus¬ 
ing  necrosis),  apoptotic,  or  only  de¬ 
creased  proliferation,  we  grew  all  cells 
for  2  days  in  10  pM  2ME2.  Malignant 
ST  cells  were  the  only  cell  type  to 
show  a  significant  decrease  in  cell 
number  when  compared  with  the  ini¬ 
tial  cell  number  (Fig.  5A).  All  other 
cells  had  either  static  cell  numbers 
(PNF,  DKOSC,  and  D3SC,  or  merely 
decreased  proliferation  rates  (SKOSC, 
SW10)  compared  with  control  cells 
grown  without  2ME2  addition.  We  did 
not  observe  cell  necrosis. 

Effects  of  2ME2  Exposure  on 
MTs 

The  mechanism  of  2ME2  action  in  cul¬ 
tured  cells  is  reported  to  be  through 
disruption  of  microtubules  (Mabjeesh 
et  al.,  2003),  and  not  through  effects 
on  the  classic  ER  itself,  for  which  it 
has  very  low  affinity  (Ireson  et  al., 
2004).  We,  therefore,  examined  tumor 
cells  grown  with  or  without  added 
2ME2  for  expression  of  atubulin  to  vi¬ 
sualize  any  changes  in  these  cytoskel- 
etal  elements  with  increasing  concen¬ 
trations  of  2ME2.  We  found  that  with 
the  addition  of  10  pM  2ME2  (Fig.  5B, 
middle  column),  the  PNF  cells 
rounded  up  but  their  nuclei  (stained 
with  4',6-diamidine-2-phenylidole-di- 
hydrochloride  [DAPI])  remained  in¬ 
tact  and  cells  retained  some  cytoskel- 
etal  structure.  In  the  ST  cells, 
however,  cells  appeared  to  have  the 
classic  apoptotic  profile  (Edinger  and 
Thompson,  2004).  The  cells  rounded 
up,  nuclei  were  “broken  up”  and  ap¬ 
peared  as  clusters  of  nucleic  acid-con¬ 
taining  material,  and  cell  membranes 
were  blebbed  (Edinger  and  Thompson, 
2004).  The  microtubules  no  longer 
were  found  in  long  extensions  (Fig. 
5B,  left  column),  and  tubulin  protein 
was  more  diffuse  in  the  cytoplasm. 
With  100  pM  2ME2  (Fig.  5B,  right 
column),  PNF  cells  also  began  to  lose 
microtubule  extensions,  tubulin  ex¬ 


pression  was  diffuse,  and  5-10%  of  the 
nuclei  were  becoming  clustered  and 
fragmented.  ST  cells  became  reduced 
in  size  (less  than  half  the  normal  cell 
diameter)  and  apoptotic,  with  very  lit¬ 
tle  cytoplasm  extending  beyond  the 
nucleus,  thus  visually  exhibiting  a 
much  stronger  effect  from  the  2ME2 
on  the  cytoskeleton.  To  confirm  that 
these  malignant  ST  cells  were  becom¬ 
ing  apoptotic  in  2ME2,  we  assayed 
them  for  both  caspase-3  expression 
and  terminal  deoxynucleotidyl  trans¬ 
ferase-mediated  deoxyuridinetriphos- 
phate  nick  end-labeling  (TUNEL) 
staining.  Although  less  than  1%  of  be¬ 
nign  PNF  tumor  cells  were  TUNEL + 
and  Caspase-3 +,  approximately  20% 
of  ST  cells  stained  positive  for  these 
apoptotic  markers  after  24  hr  (Fig. 
50. 

DISCUSSION 

Because  NF1  tumors  often  grow  in 
size  and  increase  in  number  during 
pregnancy  (Ansari  and  Nagamani, 
1976;  Dugoff  and  Sujansky,  1996), 
suggesting  a  hormonal  influence,  we 
conducted  experiments  to  determine 
whether  the  mES-derived  SC-like  cell 
model  of  NF1  or  human  SC  tumor  cell 
lines  with  variable  levels  of  neurofi- 
bromin  responded  differently  to  the 
steroid  hormones  that  are  up-regu- 
lated  during  pregnancy  (P4,  E2,  and 
T;  Fernandez-Valdivia  et  al.,  2005; 
Okada  et  al.,  2005;  Rodriguez-Cuenca 
et  al.,  2006).  We  first  determined  that 
these  cells  expressed  the  appropriate 
receptors  (PR,  ER,  AR)  for  the  rele¬ 
vant  classic  steroid  receptor  pathways 
(Chen  et  al.,  2005;  Okada  et  al.,  2005; 
Ozawa,  2005;  Sonneveld  et  al.,  2006). 
We  found  that  the  level  of  receptor 
expression  varied  depending  on 
whether  the  cell  type/line  expressed 
neurofibromin  and  at  what  levels. 
NF1-/-  (DKOSC,  PNF,  ST)  cells  had 
the  most  intense  levels  of  PR  expres¬ 
sion,  while  ER  and  AR  expression  fol¬ 
lowed  similar  patterns  to  each  other, 
with  very  low/no  expression  in  the 
NF1+/+  (D3SC,  SW10)  cells,  low  lev¬ 
els  of  expression  in  NF1+/-  (SKOSC) 
cells,  and  most  intense  expression  in 
NF1-/-  (DKOSC,  PNF,  ST)  cells.  The 
differences  in  expression  levels  were 
confirmed  in  the  mouse  SC-like  cells 
by  RTqPCR.  These  findings  suggest 
that  NF1  mutant  cells  can  more 
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Fig.  3.  Classic  hormone  receptor  expression  in  mouse  tissue.  To  assay  for  classic  hormone  receptor  expression  in  vivo,  we  used  mice  in  which  ere 
recombinase  expression  targeted  loss  of  floxed  neurofibromatosis  type  1  (NF1)  expression  to  cells  in  the  Schwann  cell  (SC)  lineage  (Zheng  et  al.,  in 
revision;  Zhu  et  al.,  2002).  Mice  transgenic  for  the  ere  transgene  developed  neurofibroma  tumors  in  dorsal  root  ganglia  (DRG),  whereas  mice  without 
the  ere  transgene  expressing  normal  NF1  levels  did  not.  In  vivo,  mouse  tissues  with  or  without  NF1  expression  showed  similar  patterns  of  classic 
estrogen  receptor  (ER,  green,  middle  columns)  and  androgen  receptor  (AR,  green,  right  columns)  steroid  hormone  receptor  expression  as  SC-like 
mouse  cells  in  vitro.  The  NF1 -deficient  tissues  (cre+)  had  intense  expression  of  ER  and  AR,  whereas  the  NF1  +  (ere-)  did  not.  Progesterone  receptor 
(PR)  expression  (red,  left  columns),  however,  was  much  more  robust  in  NF1 -deficient  tissues  (cre+)  than  that  seen  in  cultured  NF1  -/-  SC-like  cells. 
This  finding  could  be  attributed  to  signaling  from  the  surrounding  cells  in  the  heterogeneous,  hypercellular  tumor  microenvironment,  in  contrast  to  the 
homogeneous  NF1-/-  SC-like  cells  in  culture.  4',6-Diamidine-2-phenylidole-dihydrochloride  (DAPI)  staining  of  cell  nuclei  is  shown  in  blue,  and 
differential  interference  contrast  (DIC,  aka  Nomarski)  images  are  seen  in  the  bottom  row.  Photographs  were  taken  at  X40  original  magnification. 
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readily  respond  to  hormones  that  rise 
during  pregnancy.  Because  at  least  a 
part  of  this  increase  in  cell  numbers  is 
inhibited  by  the  classic  receptor  inhib¬ 
itors,  some  of  this  increase  must  be 
mediated  through  these  classic  path¬ 
ways.  However,  other  possible  non- 
genomic  pathways  include  second 
messenger  cascades  involving  G-pro- 
tein  coupling,  cAMP  and  MAPK  path¬ 
way  activation  that  affects  Ca++ 
channels,  and  PI3K  and  Akt  pathways 
(Zhang  et  al.,  2004),  which  are  known 
to  be  involved  in  NF1.  PR  and  AR 
localization  was  exclusively  nuclear, 
and  ER  was  seen  in  both  the  nucleus 
and  the  cytoplasm,  in  accordance  with 
the  findings  of  others  (Ho  and  Liao, 
2002;  Zhang  et  al.,  2004;  Revankar  et 
al.,  2005).  Breast  cancer  tumor  cells 


Fig.  4.  Hormones  that  are  increased  during  pregnancy  affect  the  prolifer¬ 
ation  of  Schwann  cell  (SC)  -like  cells  and  neurofibromatosis  type  1  (NF1) 
tumor  cells  differently,  depending  on  the  level  of  neurofibromin  expres¬ 
sion.  Progesterone  (P4):  Addition  of  P4  increased  proliferation  significantly 
only  in  SW1 0,  ST,  and  DKOSC  (asterisk),  whereas  the  progesterone  re¬ 
ceptor  (PR)  inhibitor  RU486  returned  proliferation  rates  to  control  levels 
(plus  sign).  17(3-Estradiol  (E2):  E2  increased  proliferation  significantly  in 
malignant  NF1  tumor  (ST),  DKOSC,  and  D3SC  cells  (asterisk),  whereas 
addition  of  estrogen  receptor  (ER)  inhibitor  ICI  182,  780  reduced  prolifer¬ 
ation  rates  to  control  levels  only  in  D3SC  cells,  which  had  a  small  but 
significant  difference  (plus  sign).  Testosterone  (T):  Addition  of  T  also 
significantly  increased  proliferation  only  in  malignant  NF1  tumor  (ST), 
DKOSC,  and  D3SC  SC-like  differentiated  mES  cells  (asterisk);  addition  of 
the  AR  inhibitor  flutamide  returned  proliferation  rates  to  control  levels  (plus 
sign). 
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that  express  both  ER  and  PR  have 
been  found  to  have  a  better  prognosis 
than  those  that  do  not  express  these 
receptors  because  they  are  more  likely 
to  respond  to  hormone  treatment  (Ja¬ 
cobsen  et  al.,  2003),  although  tumors 
that  express  only  ER  or  PR,  but  not 
both,  have  been  reported  to  have  a 
poorer  outcome  (Jacobsen  et  al., 
2005). 

A  study  done  on  both  male  and  fe¬ 
male  neurofibroma  tumors  found  that 
75%  expressed  PR,  while  5%  ex¬ 
pressed  ER,  regardless  of  the  sex  of 
the  patient  (McLaughlin  and  Jacks, 
2003).  This  finding  suggests  an  impor¬ 
tant  role  of  P4  in  tumor  development; 
however,  the  tumor  cell  type  was  not 
identified  and  tumors  were  not  tested 
for  coexpression  of  ER  and  PR;  neither 
AR  expression  nor  number  of  recep¬ 
tors  per  cell  was  tested  or  reported  in 
the  study.  Also,  positive  receptor  ex¬ 
pression  of  tumors  was  defined  in 
their  study  as  slides  with  5  or  more 
positive  cells  per  10  high  power  fields, 
and  virtually  none  of  the  sections 
tested  contained  more  than  one  hun¬ 
dred  positive  cells  (McLaughlin  and 
Jacks,  2003).  We  assayed  for  in  vivo 
expression  of  classic  hormone  recep¬ 
tors  (PR,  ER,  AR)  in  mouse  tissues 
that  had  been  engineered  to  target 
loss  of  NF1  in  SC  lineage  cells  carry¬ 
ing  a  ere  transgene  (Zheng  et  al., 
2008;  Zhu  et  al.,  200),  which  subse¬ 
quently  developed  neurofibroma  tu¬ 
mors  in  the  DRG.  We  found  high  lev¬ 
els  of  expression  of  all  three  classic 
receptors  (PR,  ER,  AR)  in  NFl-defi- 
cient  tissues  (cre+)  and  low/no  expres¬ 
sion  in  tissues  with  normal  levels  of 
NF1  expression  (ere-).  This  finding  is 
in  contrast  to  our  in  vitro  findings, 
where  ER  and  AR  alone  were  up-reg¬ 
ulated  in  NF1— /—  cells,  but  PR  was 
not.  We  attribute  this  difference  to  the 
importance  of  the  tumor  microenvi¬ 
ronment  in  tumorigenesis,  because 
surrounding  cells  and  their  resultant 
signals  with  and  in  addition  to  the 
NFl-deficient  cells  could  also  be  af¬ 
fecting  hormone  receptor  expression. 
Notably,  DAPI  staining  and  differen¬ 
tial  interference  contrast  visualiza¬ 
tion  of  the  tissues  demonstrated  hy- 
percellularity  in  the  NFl-deficient 
cre+  tissues  when  compared  with  the 
ere—  tissues  with  normal  levels  of 
NF1  expression,  which  could  result  in 
increased  signaling  in  the  tissues.  Re- 
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Fig.  5.  2-Methoxy  estradiol  (2ME2),  a  naturally  occurring  1 70-estradiol  (E2)  metabolite,  is  cytotoxic 
to  a  malignant  neurofibromatosis  type  1  (NF1)  tumor  cell  line,  but  only  slows  or  halts  growth  in 
other  cell  lines.  Microtubules  are  disrupted  in  this  process.  A:  When  cells  were  grown  for  2  days 
in  10  p.M  2ME2,  malignant  NF1  tumor  cells  (ST)  cells  were  the  only  cells  that  showed  significant 
cell  death  compared  with  beginnnning  cell  numbers.  All  other  lines  (including  the  benign  PNF 
tumor  cells)  either  had  static  numbers  (PNF,  DKODC,  D3SC),  perhaps  due  to  cell  cycle  arrest,  or 
merely  decreased  proliferation  (SKOSC,  SW10).  The  y-axis  indicates  the  percentage  of  cells 
actively  metabolizing  at  day  2,  compared  with  the  number  of  cells  actively  metabolizing  at  day  0, 
which  was  set  at  100%.  B:  Tumor  cells  were  plated  and  attached  overnight  before  the  listed 
concentration  (0  fj,M  left,  10  p.M  middle,  100  right)  was  added  to  the  medium.  After  an 
additional  24  hr  incubation,  cells  were  fixed  and  stained  for  a-tubulin  (microtubules),  SI  00  (SC 
origin  of  cells),  and  4',6-diamidine-2-phenylidole-dihydrochloride  (DAPI)  (nucleus),  X40  original 
magnification.  Tumor  cells  grown  without  2ME2  (left)  had  extensive  tubulin  networks.  Addition  of 
either  10  p,M  (middle)  or  100  jjlM  (right)  2ME2,  however,  caused  the  cells  to  round  up  and  appear 
apoptotic,  that  is,  nuclei  were  breaking  up  and  appeared  as  clusters,  and  the  cells  showed 
blebbing.  The  microtubules  no  longer  stained  as  strands,  but  tubulin  showed  a  more  diffuse 
expression.  All  of  these  effects  were  more  pronounced  in  the  malignant  ST  cells,  which  showed 
very  little  cytoplasm  beyond  the  nucleus  in  the  presence  of  10  or  100  jjlM  2ME2.  C:  Tumor 
cells  were  grown  as  described  and  stained  for  terminal  deoxynucleotidyl  transferase-mediated 
deoxyuridinetriphosphate  nick  end-labeling  (TUNEL)  and  cleaved  caspase-3  expression.  Whereas 
approximately  20%  of  the  malignant  ST  cells  (bottom  row)  were  positive  for  apoptosis,  only 
approximately  1%  of  the  benign  PNF  cells  were  positive  (top  row). 
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cently,  Fishbein  et  al.  found  differing 
heterogeneous  levels  of  ER,  PR,  and 
AR  in  most  NF1  tumor-derived  SC 
samples  and  the  normal  SCs  tested. 
Primary  tissue  samples  they  tested 
showed  greater  variation  than  cul¬ 
tured  samples,  suggesting  that  cells 
other  than  SC  express  hormone  recep¬ 
tors  (Fishbein  et  al.,  2007).  They  also 
reported  that  tumor-derived  SC  cul¬ 
tures  showed  variable  results  for  pro¬ 
liferation  and  apoptosis  using  steroid 
hormone  ligands  and  receptors.  Sta¬ 
tistically  significant  changes  were 
found  in  only  a  subset  of  tumor  cells, 
regardless  of  gender  (Fishbein  et  al., 
2007).  Our  results  indicate  that  E2  is 
likely  also  to  be  an  important  hor¬ 
mone,  although  its  effects  may  be  en¬ 
hanced  or  influenced  by  P4.  Because  T 
is  a  precursor  for  E2,  proliferative  ef¬ 
fects  on  cells  could  be  mediated 
through  aromatase  activity  (Gao  et 
al.,  2005),  or  through  nonclassic  indi¬ 
rect  pathways  by  increasing  intracel¬ 
lular  Ca++  (Chen  et  al.,  2005),  rather 
than  through  the  AR  itself. 

Expression  of  hormone  receptors 
was  found  to  be  associated  with  the 
level  of  NF1  expression  in  the  cells 
tested  in  the  stem  cell  model  of  SC 
differentiation,  with  NF1— /—  DKOSC 
cells  expressing  much  higher  levels 
(up  to  400  X)  of  the  receptors  than  ei¬ 
ther  the  NF1+/+  D3SC  or  NF1+/- 
SKOSC  cells.  We,  therefore,  assayed 
the  cells  for  hormonal  effects  on  cell 
proliferation.  Concentrations  were 
chosen  based  on  dose-response  curves 
that  determined  the  optimal  prolifer¬ 
ation  response  vs.  differentiation  (not 
shown).  Although  the  increases  in  pro¬ 
liferation  we  found  were  modest,  they 
were  statistically  significant.  Addition 
of  P4  (Fig.  4A)  increased  proliferation 
significantly  only  in  SW10,  ST,  and 
DKOSC  cells,  possibly  because  P4  can 
also  be  involved  in  cell  differentiation 
and  modulation  of  E2  proliferative  ef¬ 
fects  (Jacobsen  et  al.,  2003).  E2  and 
P4  can  have  complementary  func¬ 
tions,  with  P4  inhibiting  the  ER  (Ja¬ 
cobsen  et  al.,  2003).  P4  and  E2  can  be 
used  in  combination  to  stimulate  tu¬ 
mor  development  by  simulating  preg¬ 
nancy  in  mice  with  dormant  mam¬ 
mary  tumors  (Gattelli  et  al.,  2004), 
where  the  combination  of  E2  and  P4 
caused  the  tumor  cells  to  break  dor¬ 
mancy  and  begin  proliferating.  P4 
may  act  synergistically  with  E2  to  af¬ 


fect  proliferation,  although  in  these 
studies  we  determined  each  hor¬ 
mone’s  effect  individually.  Also,  PR 
had  the  lowest  expression  of  any  of  the 
receptors  we  tested  in  any  of  the  SC- 
like  mES  cells  with  variable  neurofi- 
bromin  levels  or  in  the  tumor  cell 
lines.  Perhaps  this  is  because  in  this 
assay  we  were  testing  cell  lines, 
rather  than  the  cellularly  heteroge¬ 
neous  tumors  assayed  in  the 
McLaughlin  and  Jacks  paper 
(McLaughlin  and  Jacks,  2003)  and 
their  criteria  for  positive  expression 
depended  on  only  a  small  number  of 
cells.  We  found  that  the  effect  of  the 
PR  inhibitor  RU486  was  variable, 
ranging  from  significant  inhibition  of 
cell  proliferation  even  below  control 
levels  in  some  cell  types  (SW10  and 
PNF)  to  no  significant  effect  (ST, 
D3SC,  SKOSC,  DKOSC).  RU486  is 
also  an  inhibitor  of  AR  and  the  glu¬ 
cocorticoid  receptor,  which  could  also 
influence  the  results  (Ghoumari  et  al., 
2003;  Zhang  et  al.,  2006).  However, 
because  these  cells  were  grown  in  hor¬ 
mone-free  medium  with  only  P4 
added,  this  influence  should  be  mini¬ 
mal  in  these  experiments.  Addition  of 
E2  or  T  significantly  increased  prolif¬ 
eration  of  the  malignant  NF1  tumor 
cells  (ST)  and  both  DKOSC  and  D3SC 
cells.  However,  the  NF1— /—  cell  line 
ST,  derived  from  the  human  malig¬ 
nant  tumor  and  the  mES-derived 
DKOSC  were  the  only  cell  lines  that 
showed  a  significant  increase  in  pro¬ 
liferation  with  all  three  of  the  hor¬ 
mones  tested.  There  was  a  slight 
trend  or  significant  decrease  in  prolif¬ 
eration  when  their  respective  classic 
receptor  inhibitors  (ICI  182,  780  for 
ER,  flutamide  for  AR)  were  used  to 
preincubate  cells  for  2  hr.  This  may  be 
because  the  hormone  action  is  not  me¬ 
diated  exclusively  through  classic 
pathways  (McEwen  and  Alves,  1999; 
Ho  and  Liao,  2002;  Zhang  et  al.,  2004; 
Chen  et  al.,  2005;  Gao  et  al.,  2005; 
Jacobsen  et  al.,  2005;  Revankar  et  al., 
2005;  Sonneveld  et  al.,  2006).  There 
have  been  reports  of  steroid  hormones 
(P4,  E2,  T)  influencing  cells  indepen¬ 
dent  of  their  classic  receptors  (PR,  ER, 
AR;  McEwen  and  Alves,  1999;  Ho  and 
Liao,  2002;  Zhang  et  al.,  2004;  Chen  et 
al.,  2005;  Gao  et  al.,  2005;  Jacobsen  et 
al.,  2005;  Revankar  et  al.,  2005;  Son¬ 
neveld  et  al.,  2006).  E2  has  also  been 
shown  to  modulate  secondary  messen¬ 


gers,  such  as  Ca++  and  NO,  and  acti¬ 
vate  the  PI3K/Akt  and  MAPK  path¬ 
ways  (McEwen  and  Alves,  1999;  Ho 
and  Liao,  2002;  Revankar  et  al.,  2005), 
which  are  known  to  be  involved  in 
NF1  (Klesse  and  Parada,  1998;  Klesse 
et  al.,  1999).  These  effects  are  also  not 
inhibited  by  ER  inhibitors,  suggesting 
they  are  not  mediated  through  the 
classic  receptors  (Ho  and  Liao,  2002). 
Many  of  the  E2-stimulated  pathways 
are  initiated  at  the  plasma  mem¬ 
brane,  suggesting  that  they  could  be 
mediated  by  an  unidentified  G-protein 
coupled  receptor  (Ho  and  Liao,  2002). 
Nongenomic  actions  of  androgen  with 
plasma  membrane-associated  signal¬ 
ing  pathways  involve  activation  of  ki¬ 
nase  signaling  cascades  or  modulation 
of  intracellular  Ca++  thought  to  be 
mediated  through  interaction  of  AR 
and  cytosolic  pathway  proteins  (Gao 
et  al.,  2005).  Conversely,  steroid  re¬ 
ceptors  have  been  shown  to  exert  their 
influence  without  hormone  stimula¬ 
tion  (Chen  et  al.,  2005;  Jacobsen  et  al., 
2005;  Sonneveld  et  al.,  2006).  Genes 
regulated  by  unliganded  PR  encode 
membrane  associated,  cell-cycle  regu¬ 
latory,  DNA  repair  and  apoptosis  pro¬ 
teins  (Jacobsen  et  al.,  2005).  ERa  has 
been  found  to  activate  the  PI3K/Akt 
pathway  in  an  E2-independent  man¬ 
ner  by  binding  constitutively  to  the 
p85  subunit  of  PI3K  and  activating 
PI3K/Akt  pathway  (McEwen  and 
Alves,  1999;  Ho  and  Liao,  2002).  ER 
expression  has  been  seen  outside  the 
nucleus  (McEwen  and  Alves,  1999;  Ho 
and  Liao,  2002;  Zhang  et  al.,  2004; 
Revankar  et  al.,  2005),  for  example, 
ER|3  localized  to  the  cytoplasm  and 
plasma  membrane  of  neurons  and  as¬ 
trocytes,  and  was  also  seen  in  the  my¬ 
elin  of  oligodendrocytes  and  glia 
(Zhang  et  al.,  2004).  PR  also  regulates 
a  cluster  of  G-protein  signaling  path¬ 
ways,  ras,  and  multiple  kinase  path¬ 
ways  (Jacobsen  et  al.,  2003).  ER(3  ex¬ 
pression  was  not  seen  in  any  of  the  cell 
lines  or  tissues  we  tested  (not  shown), 
suggesting  that  ERfi  is  not  a  signifi¬ 
cant  influence  in  the  cells/tissues  in 
this  study. 

We  also  hypothesize  that  the  com¬ 
plex  hormonal  milieu  during  preg¬ 
nancy  or  the  response  to  these  hor¬ 
mones  may  be  different  in  women 
with  NF1.  For  example,  2ME2,  which 
is  an  estrogen  metabolite,  which  ap¬ 
pears  to  hold  overproliferation  of  cells 
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in  check,  has  been  found  to  be  up- 
regulated  during  a  normal  pregnancy 
(Wang  et  al.,  2000),  but  may  either  be 
present  in  lower  levels  systemically  in 
women  with  NF1,  resulting  in  tumor 
overgrowth,  or  cell  receptors  for  2ME2 
may  be  lacking  in  NF1— /—  cells. 
2ME2  has  been  found  to  be  cytotoxic 
to  numerous  tumor  cells  as  well  as 
some  other  rapidly  growing  cells 
(Mabjeesh  et  al.,  2003),  but  not  to  nor¬ 
mal  or  quiescent  cells,  by  inducing  ap¬ 
optosis  (Wang  et  al.,  2000;  Ireson  et 
al.,  2004).  2ME2  has  no  E2-bke  activ¬ 
ity  and  has  very  low  affinity  for  the 
ER,  suggesting  that  its  mechanism  of 
action  is  not  ER-dependent  (Wang  et 
al.,  2000;  Ireson  et  al.,  2004).  The 
mechanism  of  2ME2  action  is  reported 
to  be  through  disruption  of  microtu¬ 
bules  by  destabilization  and  disassem¬ 
bly,  and  impairing  HIF-1  accumula¬ 
tion  in  the  nucleus  thus  inhibiting 
VEGF  expression  (Mabjeesh  et  al., 
2003).  VEGF  is  required  for  angiogen¬ 
esis,  which  in  turn  is  needed  for  tumor 
growth  beyond  the  size  at  which  nu¬ 
trients  can  diffuse.  In  vitro,  2ME2 
competes  with  colchicine  for  tubulin 
binding  sites  and  disrupts  interphase 
microtubules,  resulting  in  cell  death 
(Mabjeesh  et  al.,  2003).  Neurofibro- 
min  has  been  found  to  associate  and 
co-purify  with  microtubules,  suggest¬ 
ing  NF1  involvement  in  microtubule- 
mediated  pathways  (Gregory  et  al., 
1993).  We  determined  that  10  p,M  was 
the  threshold  at  which  2ME2,  a  natu¬ 
rally  occurring  estrogen  metabolite, 
disrupts  microtubules  and  is  cytotoxic 
to  malignant  NF1  tumor  cells  while 
its  effect  is  to  slow  or  halt  the  growth 
of  the  other  cells  lines  tested,  regard¬ 
less  of  their  NF1  status.  This  suggests 
that  perhaps  additional  mutations,  for 
example  p53,  which  has  been  associ¬ 
ated  with  MPNSTs  (Menon  et  al., 
1990),  are  involved  in  2ME2  cytotoxic 
effects  specific  to  malignant  tumors, 
because  nonmalignant  NF1— /—  tu¬ 
mor  cells  did  not  undergo  apoptosis 
with  2ME2  treatment. 

Another  hypothesis  we  posit  is  that 
the  effect  of  hormones  on  neurofibro¬ 
mas  may  be  indirect  through  hor¬ 
monal  effects  on  angiogenesis.  In¬ 
creased  blood  vessel  formation  during 
pregnancy  could  allow  existing  tu¬ 
mors  to  be  supplied  with  additional 
nutrients  and  gas  exchange  as  they 
grow,  as  well  as  to  induce  previously 


microscopic  tumors  to  grow  to  a  size  at 
which  they  are  detectable.  It  is  also 
worth  noting  that,  although  most  of 
the  cultures  on  which  these  studies 
were  performed  are  of  mouse  cells,  the 
tumor  cell  cultures  are  from  human 
neurofibromas,  which  may  explain 
some  of  the  disparate  results. 

On  the  basis  of  these  studies,  we 
conclude  that  NF1— /—  SC-like  differ¬ 
entiated  mES  cells,  as  well  as  NF1- 
deficient  mouse  tissues  and  NF1-/— 
human  tumor  cells,  express  higher 
levels  of  classic  steroid  hormone  re¬ 
ceptors  than  cells  and  tissues  with  full 
expression  of  neurofibromin.  Hor¬ 
monal  addition  had  a  heterogeneous 
effect  on  cell  proliferation,  with  a 
small  but  significant  direct  effect  on 
the  classic  pathway  in  the  NF1— /— 
SC-like  and  malignant  NF1— /—  hu¬ 
man  tumor  cell  lines  tested.  A  natu¬ 
rally  occurring  estrogen  metabolite, 
2ME2  was  able  to  induce  apoptosis 
only  in  the  malignant  NF1— /—  human 
tumor  cells. 

We  have  shown  in  a  previous  study 
that  these  SC-like  differentiated  mES 
cell  lines  (SKOSC,  NF1+/-  and 
DKOSC,  NF1— /— )  as  well  as  two  hu¬ 
man  NF1  tumor  cell  lines,  are  defi¬ 
cient  in  NF1  expression  (Roth  et  al., 
2007).  We  cannot,  however,  draw  the 
general  conclusion  that  increased  ste¬ 
roid  hormone  receptor  expression 
would  be  seen  in  all  SC-like  differen¬ 
tiated  NFl-deficient  mouse  ES  cell 
lines,  because  there  are  no  other 
NF1+/—  or  NF1— /—  mES  cell  lines 
available  for  comparison  of  which  we 
are  aware  and  the  production  of  addi¬ 
tional  “knockout”  ES  cell  lines  is  be¬ 
yond  the  scope  of  this  study.  The  ef¬ 
fects  of  NF1  knockdown  through  RNA 
silencing  and  subsequent  rescue  by  in¬ 
sertion  of  an  NF1  construct  into  the 
knocked-down  cells  could  also  be  used 
to  verify  the  respective  induction  or 
suppression  of  steroid  hormone  recep¬ 
tors  in  NF1+/+  D3SC  cells.  However, 
interpretation  of  such  experiments 
would  be  difficult,  because  silencing  is 
seldom  complete  and  the  huge  size  of 
NF1  makes  re-expression  experi¬ 
ments  extremely  difficult.  These  steps 
are  beyond  the  scope  of  this  current 
analysis,  which  is  intended  to  exam¬ 
ine  the  effects  of  hormonal  treatment 
on  proliferation  in  a  homogeneous 
NF1— /—  cell  population  as  a  “proof  of 
principle”  that  ES  knockout  cell  lines 


can  be  used  to  test  effects  of  neurofi- 
bormin  loss,  rather  than  a  focus  on  the 
ES  cell  properties  themselves. 

Future  studies  will  focus  on  the  ef¬ 
fects  of  these  hormones  separately 
and  in  combination  on  these  stem  cell- 
derived  cell  lines  and  other  cells  and 
tissues  whose  NF1  status  is  known, 
including  other  malignant  NF1  tumor 
cell  lines.  Because  of  the  complex  hor¬ 
monal  milieu  during  pregnancy,  it  will 
be  necessary  to  look  for  synergy 
among  hormone  effects.  We  will  also 
investigate  the  mechanisms  of  these 
hormones’  effects  through  other  mech¬ 
anisms  than  their  classic  receptors. 
Future  analyses  will  also  include  in 
vivo  assays  that  study  the  effect  of 
steroid  hormones  on  NFl-deficient  tis¬ 
sues  in  the  ere  mouse  models  used  in 
this  study,  which  are  also  beyond  the 
scope  of  the  current  study. 

EXPERIMENTAL 

PROCEDURES 

Cell  Types 

The  cell  lines  used  for  these  studies 
include  the  NF1+/+  (D3)  mES  cell 
line  (Doetschman,  1985);  NF1+/— 
(SKO)  mES  cells  (Jacks  et  al.,  1994); 
NF1-/-  (DKO)  mES  cell  line  (Jacks 
et  al.,  1994);  SW10  (NF1+/+)  mouse 
Schwann  Cell  line  with  a  temperature 
sensitive  SV40  large  T  antigen,  grown 
at  37°C  (the  nonpermissive  tempera¬ 
ture  for  transgene  expression)  for  dif¬ 
ferentiation  (ATCC;  Hai  et  al.,  2002); 
pNF00.ll  (referred  to  as  PNF  cells  in 
this  report;  NF1— /— )  human  plexi- 
form  neurofibroma  (Muir  et  al.,  2001); 
and  ST88-14  (referred  to  as  ST  cells  in 
this  report;  NF1— /— )  human  MPNST 
(gift  of  Dr.  Larry  Sherman,  Oregon 
Health  Sciences  University;  Su  et  al., 
2004).  Positive  control  cell  lines  for 
hormone  receptors  were  ER+  and 
PR+  MCF-7  cells  (gift  of  Dr.  Dorraya 
El-Ashry,  Univ.  of  MI)  and  AR+  LN- 
CaP  cells  and  mouse  breast  and  pros¬ 
tate  tissues  (gift  of  Dr.  Diane  Robins, 
Univ.  of  MI). 

Differentiation  of  mES  Cells 
to  SC-like  Cells 

We  had  previously  found  that  mES 
cells  that  were  wild  type,  heterozy¬ 
gous  or  homozygous  for  the  NF1  gene 
could  be  differentiated  into  neuron- 
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like  cells  and  SC-like  cells,  (Roth  et 
al.,  2007)  the  latter  of  which  more 
closely  approximate  the  initiating  tu¬ 
mor  cell  type  in  NF1.  SC-like  differen¬ 
tiated  mES  cells  will  be  referred  to  as 
D3SC  (NF1+/+),  SKOSC  (NF1+/-) 
and  DKOSC  (NF1— /— ),  depending  on 
the  number  of  NF1  alleles  expressed. 

Media 

Proliferating  (ES)  cells  medium  con¬ 
sisted  of  81%  DMEM  without  Phenol 
Red,  1%  L-Glut,  1%  Pen/Strep,  1% 
nonessential  amino  acids  (Gibco, 
Carlsbad,  CA),  15%  fetal  bovine  se¬ 
rum  (FBS;  Atlanta  Biological, 
Norcross,  GA),  1%  sodium  pyruvate 
(2%  stock),  7  |xl/L  pmercaptoethanol 
(Sigma,  St.  Louis,  MO),  and  1,000 
U/ml  ESGRO  (Chemicon,  Temecula, 
CA).  Schwann  cell  differentiation  (SC) 
medium  contained  84%  a-mod.  MEM 
without  Phenol  Red,  1%  Pen/Strep 
(Gibco),  10%  FBS  (Atlanta  Biological), 
5%  11-day  chick  embryo  extract,  10 
ng/ml  neuregulin  NRG-1  (R&D  sys¬ 
tems,  Minneapolis,  MN).  Tumor  cell 
medium  for  growth  of  PNF  (Muir  et 
al.,  2001)  and  ST  (Su  et  al.,  2004)  cell 
lines  contained  84%  DMEM  without 
Phenol  Red,  1%  Pen/Strep  (Gibco),  25 
ng/ml  NRG-1  (R&D  systems),  15% 
FBS.  SW10  SC  cell  line  medium  con¬ 
sisted  of  88%  DMEM  without  Phenol 
Red,  1%  L-glutamine,  1%  Pen/Strep, 
10%  FBS  (Atlanta  Biological).  Note: 
Regular  FBS  was  replaced  by  char¬ 
coal-stripped  FBS  (Valley  Biomedical, 
Winchester,  VA)  in  all  medium  used 
for  hormone  assays.  Minimal  medium 
contained  87%  DMEM  without  Phenol 
Red,  10%  FBS,  1%  Pen/Strep,  1%  L- 
glutamine,  1%  sodium  pyruvate  (2% 
stock). 

Antibodies 

All  antibodies  were  diluted  in  10% 
donkey  serum  (Chemicon  Interna¬ 
tional,  Temecula,  CA)  in  0.1% 
Tween20/phosphate-buffered  saline 
(Sigma).  ERa  (rabbit  polyclonal  1:50); 
AR  (rabbit  polyclonal  1:50)  and  NF1 
(rabbit  polyclonal  1:50;  Santa  Cruz, 
Santa  Cruz,  CA);  Tujl  (mouse  mono¬ 
clonal  1:500;  Covance,  Berkeley,  CA); 
neurofilament  (rabbit  polyclonal 
1:400;  Chemicon  International);  S100 
(rabbit  polyclonal  1:200  Novocastra, 
Newcastle  Upon  Tyne,  UK  or  mouse 


monoclonal  1:50  Abeam,  Cambridge, 
MA);  glial  fibrillary  acidic  protein 
(mouse  monoclonal  1:400;  Chemicon); 
myelin  (mouse  monoclonal  1:10;  Ab¬ 
eam);  PR  (mouse  monoclonal  1:50;  Ab¬ 
eam);  atubulin  (mouse  monoclonal 
1:200);  Caspase-3  (mouse  monoclonal 
1:1,000;  BD  Transduction,  San  Jose, 
CA);  AlexaFluor  350,  488,  594,  DAPI 
(Molecular  Probes,  Eugene,  OR),  goat  a 
rabbit-horseradish  peroxidase  (Zymed, 
San  Francisco,  CA).  Note:  We  also 
looked  at  ER(3  expression,  but  did  not 
see  expression  in  any  of  the  experimen¬ 
tal  cells  or  tissues  tested.  Therefore, 
ER  =  ERa  in  this  study.  Hormones  and 
receptor  inhibitors  used  included  pro¬ 
gesterone,  RU486, 17p-estradiol,  2ME2 
(Sigma)  ICI  182,780  (Tocris),  testoster¬ 
one  and  flutamide  (gift  of  Dr.  Diane 
Robins,  University  of  MI).  All  were  di¬ 
luted  in  100%  ethanol,  which  was  also 
used  for  vehicle  wells.  Reagents  used 
included  CellTiter96  cell  proliferation 
assay  kit  (Promega),  Histomouse 
(Zymed),  Prolong  Gold  anti-fade  mount¬ 
ing  medium  (Molecular  Probes),  Por¬ 
cine  gel  (Sigma),  in  situ  cell  death  de¬ 
tection  kit,  fluorescein  (TUNEL) 
(Roche,  Indianapolis,  IN),  Citrisolv,  eth¬ 
anol,  and  sodium  citrate  dihydrate 
(Fisher  Scientific,  Fairlawn,  NJ). 

Immunocytochemistry 

On  day  0,  40,000  cells  were  plated 
onto  0.1%  porcine  gel-coated  cover- 
slips  (Corning,  Corning,  NY)  and 
grown  overnight.  For  microtubule  vi¬ 
sualization  in  the  2ME2  assay,  vary¬ 
ing  concentrations  of  2ME2  were 
added  to  the  medium;  cells  were 
grown  an  additional  24  hr.  Cells  were 
then  fixed  in  4%  paraformaldehyde 
(Sigma),  permeabilized  in  0.2%  Triton 
X-100  (Sigma),  stained  and  mounted 
on  Superfrost  plus  slides  (Fisher, 
Pittsburgh,  PA).  Fluorescence  micro¬ 
graphs  were  taken  with  an  Olympus 
BX-51  microscope,  and  nonfluorescent 
micrographs  with  Nikon  ACT-1  soft¬ 
ware  on  a  Leitz  Diavert  inverted  mi¬ 
croscope. 

Hormone  Receptor 
Immunohistochemistry  on 
Mouse  Tissue 

The  control  mice  used  in  this  study 
are  a  pool  of  phenotypically  indistin¬ 
guishable  mice  with  four  genotypes: 


NFlflox/+;P0A-cre+,  NFlflox/flox; 
POA-cre— ,  NFlflox/-;P0A-Cre— ,  and 
NF1+/— .  The  mutant  mice  used  were 
of  the  genotype,  NFlflox/-;P0A-cre 
(mutants).  Twelve-  to  20-month-old 
mice  were  monitored  until  signs  of  dis¬ 
tress  appeared,  at  which  time  they 
were  subjected  to  necropsy.  The  POA- 
cre  transgenic  strain  was  initially 
generated  on  the  FVB  background 
(Giovannini  et  al.,  2000).  After  five 
generations  of  being  backcrossed  to 
the  129  Svj  background,  the  POA-cre 
transgenic  mice  were  crossed  to  the 
NFlflox/-  mice  that  were  maintained 
on  the  129  Svj  background.  Subse¬ 
quent  crosses  generated  control  and 
mutant  mice  for  analysis  (Zheng  et  al., 
in  revision;  Zhu  et  al.,  2002).  The  Ro- 
sa26-LacZ  allele  was  maintained  on 
the  mixed  129  Svj  and  C57B16  back¬ 
grounds.  The  mutant  mice  with  or 
without  the  Rosa26-LacZ  allele  exhib¬ 
ited  similar  phenotypes.  All  mice  in 
this  study  were  cared  for  according  to 
the  guidelines  that  were  approved  by 
the  Animal  Care  and  Use  Commit¬ 
tees  of  the  University  of  Michigan  at 
Ann  Arbor.  For  histological  analysis, 
control  and  mutant  littermates  at 
12-22  months  of  age  were  perfused 
with  4%  paraformaldehyde.  Tissues 
were  dissected,  post-fixed  overnight 
for  2  hr  at  room  temperature,  and 
transferred  to  30%  sucrose  over¬ 
night.  Tissues  were  embedded  using 
OCT  medium  and  sectioned  longitu¬ 
dinally  at  65  pm  thicknesses  using  a 
cryostat.  Mouse  tissue  slides  were 
deparaffinized  in  Citrisolv  and  rehy¬ 
drated  in  successive  dilutions  of  eth¬ 
anol.  Antigen  retrieval  was  per¬ 
formed  be  boiling  slides  for  10  min  in 
0.01  M  sodium  citrate  buffer  pH  6.0, 
followed  by  immunohistochemistry 
at  room  temperature  in  a  humidified 
chamber.  Nonspecific  binding  was 
blocked  with  10%  donkey  serum,  in¬ 
cubated  with  primary  antibodies 
listed  followed  be  secondary  anti¬ 
body  incubation  for  20  min  and  5 
min  DAPI  staining.  Washes  between 
steps  were  done  in  0.1%  PBST.  After 
coverslips  were  applied  using  Pro¬ 
long  Gold  antifade  mounting  me¬ 
dium  and  slides  were  dried  over¬ 
night,  photographs  were  taken  at 
X40  magnification  using  an  Olym¬ 
pus  BX-51  microscope. 
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Measures  of  Cell 
Proliferation 

Hormones  and  receptor 
inhibitors. 

Cells  were  grown  overnight  in  hor¬ 
mone-free  phenol  red-free  medium. 
The  next  day,  cells  were  counted, 
plated,  and  allowed  to  attach  for  2  hr 
in  SC  differentiation  medium  (con¬ 
taining  hormone  receptor  inhibitor  if 
specified)  before  hormone  was  added 
in  the  concentrations  indicated.  Inhib¬ 
itors  and  hormones  were  replenished 
after  48  hr.  At  4  days  growth,  prolif¬ 
eration  was  assayed  using  a  Beckman 
Z1  Particle  Coulter  counter  (Beckman 
Coulter,  Inc.,  Fullerton,  CA).  Cell 
numbers  were  converted  to  percent¬ 
ages  using  proliferation  of  cells  in  eth¬ 
anol-containing  (vehicle)  wells  as 
100%.  Statistical  analysis:  data  are 
expressed  as  mean  ±  SD,  and  the  Stu¬ 
dent’s  f-test  was  used  to  gauge  signif¬ 
icance,  which  was  P  <  0.05. 

2ME2. 

Cells  were  counted,  plated,  and  al¬ 
lowed  to  attach  overnight  in  hormone- 
free  medium  and  phenol-red  free  me¬ 
dium.  Varying  concentrations  of 
2ME2  were  added  to  the  media;  cells 
were  grown  an  additional  2  days,  pro¬ 
liferation  was  assayed  using  the  Cell- 
Titer96  (Promega)  proliferation  assay 
and  absorbance  was  measured  by  mi¬ 
croplate  reader  (Fisher).  Absorbance 
was  converted  to  percentages  using 
absorbance  of  cells  grown  in  vehicle 
(EtOH)  as  100%.  Equation  used: 
treated  well/vehicle  well  X  100. 

RTqPCR 

RTqPCR  was  performed  using  primer 
pairs  designed  using  the  Beacon  de¬ 
signer  program  (Bio-Rad,  Hercules, 
CA),  target  with  Ta  at  55°C,  a  length 
18-22  bp,  and  amplicon  size  100-200. 
Gene  expression  was  normalized  to 
glyceraldehyde-3-phosphate  dehydro¬ 
genase  (GAPDH).  Total  RNA  from  the 
samples  was  extracted  using  a  Qiagen 
RNeasy  Kit  (Kit  74106,  Qiagen,  CA). 
RT-PCR  was  performed  as  follows: 
cDNA  was  synthesized  from  2  pg  of 
total  RNA  by  reverse  transcription  us¬ 
ing  Super  Script  III  transcriptase  (In- 
vitrogen,  Carlsbad,  CA)  and  oligo  dT 
primer.  A  2 -pi  aliquot  of  the  cDNA  of 


each  sample  was  used  for  PCR  with 
the  hormone  receptor  primers.  The 
PCR  conditions  included  an  initial  de- 
naturation  at  94°C  for  1  min,  followed 
by  94°C  for  1  min,  55°C  for  30  sec,  and 
74°C  for  30  sec  and  34  cycles  and  final 
extension  at  72°C  for  5  min  with  a  4°C 
holding  temperature.  The  PCR  prod¬ 
ucts  were  separated  on  2.0%  agarose 
gels  and  visualized  using  ethidium 
bromide  under  ultraviolet  light. 

PCR  Primers 

NF1:  forward  AGTTTCTCTCCTCG- 
CTGGTCTTC  reverse  CGTTTCCTGC- 
CACCCGTTTG;  AR:  forward  GCG- 
GTCCTTCACTAATGTCAACTC  re¬ 
verse  TGCCTCATCCTCACACACTGG; 
PR:  forward  CTGGATGAGCCTGATG- 
GTGTTTG  reverse  GGCACAGCGAG- 
TAGAATGACAG;  ER  forward  GAA- 
AGGCGGCATACGGAAAGAC  reverse 
TC  AAGGAC  AAGGC  AGGGCTATTC . 

TUNEL  Assay 

Apoptosis  was  measured  by  TUNEL 
assay.  PNF  and  ST  cells  were  plated, 
grown,  fixed,  and  permeabilized  as  in 
the  2ME2  immunocytochemical  assay. 
The  TUNEL  assay  was  performed  ac¬ 
cording  to  Roche  kit  specifications 
with  the  following  modifications. 
Caspase-3  antibody  was  added  at 
1:1,000  to  the  TUNEL  reaction  mix¬ 
ture  and  incubated  at  37°C  for  60  min 
in  the  dark.  After  PBS  rinses,  DAPI 
was  added  at  1:1,000  for  3  min.  Cov- 
erslips  were  mounted  on  slides  with 
Molecular  Probes’  Antifade  medium 
and  dried  24  hr  in  the  dark  before 
fluorescence  visualization. 
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